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INTRODUCTION 


STATEMENT  OF  THE  PROBLEM 


Much  of  the  Precambrian  basement  of  the  midcont inent 
region  of  the  United  States  consists  of  an   extensive  ten-ane 
of  rhyolite  and  epizonal  granite  emplaced  upon  and  within  an 
older-  crust  1.35  to  1.4  b.  y.  ago  (Thomas  et  al.,  in  press). 
The  1.36  b.  y.  old  San  Isabel  batholith  is  exposed  in  the 
southern  Wet  Mountains  of  Colorado  (Figure  1)  and  may 
represent  a  deepei — seated  manifestation  of  this  1.35  -  1.4 
b.y.  old  igneous  activity  (Thomas  et  al.  ,  in  press). 

This  investigation  is  focused  on  the  development  of 
petrogenetic  models  to  constrain  the  chemical  formation  and 
evolution  of  the  San  Isabel  batholith.   Majoi —  and  trace- 
element  data,  field  relationships,  Isotopic  data,  and 
petrographic  observations  are    integrated  in  an  attempt  to: 
(1)  define  possible  source  rocks  for  the  San  Isabel  magma, 
<2>  estimate  the  extent  of  partial  melting  including  the 
proportion  of  phases  in  melt,  and  (3)  explain  the  modal  and 
chemical  variation  in  the  San  Isabel  batholith. 

In  addition,  assessment  of  the  tectonic  setting  during 
emplacement  of  the  San  Isabel  batholith  will  be  attempted  by 
the  utilization  of  various  discrimination  diagrams  combined 
with  field  relationships,  chemical  characteristics,  and 
petrographic  data. 


Figure   1!      Index  map   of  south-central  Colorado. 
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PREVIOUS  INVESTIGATIONS 

The  earliest  geologic  study  of  the  southern  Wet 
Mountain  area  was  done  by  Gilbert  (1897)  and  Hills  (19O0) 
who  described  the  structural  geology  of  the  Pueblo,  Colorado 
and  Walsenburg,  Colorado  quadrangles.   Metamorphic  rocks  and 
part  of  the  San  Isabel  batholith  and  smaller  associated 
intrusive  rocks  in  the  southern  Met  Mountains  have  been 
mapped  in  detail  by  Boyer  (1962)  and  Whit ten  and  Beyer 

(1364).   Singewald  (1966)  described  and  reevaluated  the  Use 
Fault  zone  which  transects  the  San  Isabel  batholith.   The 
petrology  and  structure  of  the  San  Isabel  batholith  was 
characterized  by  Boyer  (1962).   Additional  studies  of  the 
petrology  and  structure  of  the  batholith  were  done  by  Murray 

(1970)  with  emphasis  on  the  petrogenesis  and  origin  of  the 
monzogranite  magma.   Murray  and  Rogers  (1973)  evaluated  the 
distribution  of  Rb  and  Sr  in  the  potassium  feldspars  of  the 
San  Isabel  batholith.   Isotopic  studies  of  the  San  Isabel 
batholith  have  been  conducted  by  Shuster  (1984)  and  Thomas 
et  al.   (in  press)  in  which  the  initial  87sn/86sr  ratio  and 


the  U/Pb  age  from  zircons  were  determined. 


METHODS 


FIELD  TECHNIQUES 


The  initial  phase  of  this  study  consisted  of  a 
reconnaissance  and  field  check  of  the  geologic  map  of  Murray 

< 1970)  in  which  representative  samples  from  each  major 
facies  of  the  southern  half  of  the  batholith  were  collected 

(Figure  5).   The  least  weathered  samples  were  chosen  for 
petrographic  study  and  major—  and  trace— element  analysis. 
Collection  of  samples  from  the  northern  half  of  the 
batholith  was  accomplished  by  Lex  D.  Shaw  of  Kansas  State 
University;  several  of  these  samples  were  analyzed  and 
considered  in  this  study. 

PETROGRAPHIC  TECHNIQUES 

Fifty— one  of  the  freshest,  least  altered  samples  were 
chosen  for  thin  section  preparation.   Standard  thin  sections 
(27  X  46  mm)  were  prepared  from  medium— grained  samples  while 
enlarged  thin  sections  (38  X  76  mm)  were  cut  from  coarse- 
grained porphyrit  ic  samples.   Chayes  ( 1949)  point-count 
method  was  utilized  in  determining  mineral  percentages.   The 
composition  of  plagioclase  was  estimated  by  the  Michel— Levy 
method  (1877). 


MINERAL  SEPARATION  TECHNIQUES 

One  of  the  fr-eshest,  least  altered  hornblende— rich 
samples  (TB— 16)  was  selected  for-  analyses  of  mineral 
separates.   Separation  of  minerals  was  accomplished  with  the 
use  of  a  heavy  liquid  (methylene  iodide;  density  =  3.  3S5) 
and  the  Frantz  Isodynamic  (Magnetic)  Separator.   Homogeneity 
of  each  mineral  fraction  was  determined  with  the 
petrographic  microscope. 

CHEMICAL  TECHNIQUES 

Fifty— one  samples  representing  the  compositional  range 
of  the  San  Isabel  batholith  were  chosen  for  chemical 
analysis.   Major— element  contents  were  determined  for  all 
samples  by  atomic  absorption  and  emission  spectrophotometry 
using  methods  adopted  from  Medlin  et  al.   (1969)  and  Shapiro 
(1978).   Details  of  the  procedure  for  major— element  analyses 
are  in  Appendix  B. 

Sixteen  of  the  above  samples  were  selected  for 
instrumental  neutron  activation  analysis  (INAA)  to  determine 
trace— element  contents.   Again,  these  samples  represent  the 
range  of  composition  within  the  suite.   Methods  adopted  from 
Gordon  et  al.  (1968)  and  Jacobs  et  al.   (1977)  were  used  in 
this  study.   Details  of  the  procedure  for  instrumental 
neutron  activation  analysis  are    in  Appendix  C. 


Loss  on  ignition  (LOI)  01-  total  volatile  content  was 
determined  gravi metrical ly.   Details  of  the  gravimetric 
procedure  are  in  Appendix  D. 

U.S.  Geological  Survey  standard  rock  samples  and  a 
Canadian  soil  sample  were  utilized  as  primary  standards  in 
this  study.   Major—  and  trace— element  contents  of  standard 
samples  are  presented  in  Tables  1  and  2. 

TRACE-ELEMENT  MODEL I NS 

Development  of  a  quantitative  model  that  predicts 
t r ace— e 1 ement  concentrations  in  a  rock  suite  is  based  on  the 
selection  of  chemical  processes  that  distribute  the  elements 
among  the  rock— forming  minerals.   In  this  study,  the  non- 
modal  aggregate  melt  formulation  defined  by  Shaw  (1970)  is 
used  to  model  partial  melting  of  source  rocks.   Fractional 
crystallization  processes  are  modeled  using  the  equation  of 
Haskin  et  al.   (1970).   The  simple  mixing  equation  discussed 
by  fillegre  and  Minster  (1978)  and  Cox  et  al.  (1980)  is  used 
to  model  mixing  phenomena.   Details  regarding  these 
equations  are    given  in  Appendix  fi. 
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Table  2:  Trace-element  contents  of  standardized  Canadian 
soil  sample  SO-4  (after  Bowman  et  al.,  1978  and 
Gladney  et  al.,  1984). 


This  study 

Bowman  et 
al.,  1978 

Gladney  et 
al.,  1984 

La 

26.7 

31 

28.6 

Ce 

50.6 

54 

53.2 

Sm 

4.62 

4.9 

4.7 

Eu 

0.92 

1.0 

0.99 

lb 

0.58 

0.5 

0.6 

Yl> 

2.26 

2.3 

2.3 

Lu 

0.35 

0.4 

0.39 

Ba 

697 

780 

730 

Th 

9.14 

3.7 

8.5 

Hf 

7.53 

8.0 

8.1 

la 

0.92 

0.5 

0.62 

Sc 

7.86 

10 
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GEOLOGY 


WET  MOUNTAINS 


The  Wet  Mountains  of  Colorado  are  part  of  the  southern 
Rocky  Mountain  physiographic  province  and  are  bounded  on  the 
north  by  the  Arkansas  River  and  Canon  City  Embayment 
(Figures  2  and  3).   This  northern  boundary  separates  the  Wet 
Mountains  from  the  Front  Range.   The  Sangre  de  Cristo  Range 
lies  to  the  west  of  the  Wet  Mountains  and  is  separated  from 
them  by  the  Wet  Mountain  Valley  and  Huerfano  Park  (Figures  1 
and  8). 

"The  southern  Wet  Mountains  form  a  southeast— plunging 
anticline  outlined  by  the  upturned  sedimentary  units  that 
bound  the  range"  (Boyer,  1962,  p.  1061).   The  southwestern 
flank  of  the  range  is  bounded  by  high— angle  normal  and 
reverse  faults.   The  southeastern  end  of  the  Wet  Mountains 
is  characterized  by  a  structural  bifurcation  —  the  southern 
spur  of  the  split  forms  the  Greenhorn  anticline  (Figure  2), 
while  the  main  branch  plunges  southeastward  and  forms  the 
Apishapa  uplift  (McGinnis,  1956).   The  Wet  Mountains  are 
bounded  on  the  east  by  upturned  sedimentary  rock  units  of 
Paleozoic  and  Mesozoic  age  and  by  the  Wet  Mountain  Fault 
zone  (Figure  2). 

The  oldest  rocks  in  the  Wet  Mountain  area  are 
metamorphosed  sedimentary  and  volcanic  rocks  (approximately 
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Figure  2i  Generalized  tectonic  map  of  the  area  around  the 
Wet  Mountains,  modified  from  Boyer  (1962). 
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1.8  b.  y.  old)  consisting  mostly  of  schists  and  gneis 
concordant ly  foliated  with  granite  gneiss,  lit-pai — lit 
gneiss,  and  migmatite  (Figui-e  3). 

The  metamorphic  rocks  form  the  country  rock  into  which 
a  variety  of  granitic  plutons  intrude.   The  oldest  granitic 
intrusives  in  the  Wet  Mountains  are  foliated  granodiorites 
that  are  1.7  b.  y.  in  age  (Figure  3).   These  foliated 
granodiorites  are  the  most  abundant  granitoids  in  the 
northern  Wet  Mountains  but  are  absent  in  the  central  and 
southern  portions  of  the  Wet  Mountains. 

Relatively  unfoliated  monzogranites  and  syenogranites 
characterize  most  of  the  younger  plutons  in  the  Wet 
Mountains.   Examples  include  the  1.47  b.  y.  old  West  McCoy 
Gulch  pluton  and  the  1.36  b.  y.  old  Bear  Basin  granite 
(Figure  3).   The  1.44  b.  y.  old  Oak  Creek  pluton  differs  from 
most  of  these  younger  plutons  with  respect  to  foliation. 
The  Oak  Creek  pluton  consists  mostly  of  a  foliated, 
monzogranite  to  granodiorite  porphyry  intruded  by  dikes  of 
leucogranite  (Stone,  19B4). 

The  1.36  b.  y.  old  San  Isabel  batholith,  the  focus  of 
this  study,  forms  the  center  of  the  southern  Wet  Mountains. 
The  batholith  is  cut  by  two  major  fault  zones  that  trend 
north— northwest,  the  Use  Fault  zone  and  the  Wet  Mountain 
Fault  zone  (Figure  4).   To  the  southwest  of  the  San  Isabel 
batholith  are  several  other  smaller  Precambrian  silicic 
plutons.   These  smaller  plutons,  namely  the  leucogranites  of 
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Figure  3:   Precambrian  and  Cambrian  rocks  of  the  Wet 
Mountains  area,  Colorado  (Cullers,  1985; 
Scott  and  Taylor,  1978;  Boyer,  1962). 
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Figure   kt     Geologic  map  of  the   San  Isabel  batholith, 
Custer  and  Pueblo   Counties,    Colorado 
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Figure  5'      Sample  location  map  of  the  San  Isabel  batholith. 
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Cliff  Creek,  Bear  Creek,  and  Williams  Creek  are    similar  to 
the  San  Isabel  monzogranite  in  plagioclase  composition 

<0n25-fln3o>  but  differ  in  appearance  and  heavy-mineral 
content  (Boyer,  196E) .   The  leucogranites  contain  trace 
amounts  of  biotite  and  other  mafic  minerals  and  contain 
rounded,  sedimentary  zircons  with  euhedral  overgrowths 

(Boyer,  196S).   For  the  most  part,  these  small,  silicic 
plutons  are  emplaced  within  the  concordantly  foliated  lit- 
pai — lit  gneisses  and  migmatites  that  border  the  San  Isabel 
batholith  in  most  areas. 

SON  ISABEL  BfiTHOLITH 

Boyer  (196£>  and  Logan  (1966)  recognized  two  distinct 
textural  facies  of  the  San  Isabel  batholith:  a  coarse- 
grained porphyritic  facies  and  a  medium-grained  equigranular 
facies.   In  this  study,  both  facies  have  been  mapped  as 
suggested  by  Boyer  (1962)  but  a  third  facies  recognized  by 
Murray  (1970),  the  quartz  medium-grained  facies,  has  been 
added  (Figure  A).   The  coarse-grained  porphyritic  facies  and 
the  medium-grained  facies  are  indistinguishable  with  respect 
to  mineral  composition  while  the  quartz  medium-grained 
facies  is  quartz-rich  and  mafic-poor  compared  to  the  other 
two  facies  (Murray,  1970). 

Megascopically,  samples  of  the  San  Isabel  batholith  are 
characterized  by  alkali  feldspar  phenocrysts  with  abundant 


i  nt  erst  itial  mafi  cs,  f  e  1 d  spar ,  and  q  uart  z  ( Murray,  1 970) . 
Segregations  of  mafic  minerals  are  locally  abundant  (Figures 
&  and  7)  imparting  a  cumulate  appearance  to  the  rock.   These 
mafic  clusters  may  comprise  up  to  30  percent  of  the  rock  in 
some  areas  (Murray,  1970). 

In  addition,  xenoliths  of  hornblende— biotite  gneiss  and 
granite  gneiss  occur  throughout  the  San  Isabel  batholith. 
In  general,  contacts  between  xenoliths  and  bathol ith  are 
sharp  regardless  of  lithology  (Murray,  1970).   Foliation  in 
xenoliths  is  usually  not  parallel  to  the  foliation  in  the 
monzogranite  or  in  the  met amor ph i c  country  rocks  (Murray, 
1970). 

Regional  foliation  of  the  metamorphic  country  rocks 
wraps  around  the  intrusion  and  is  discordant  to  the  planar 
flow  structure  of  the  batholith  (Boyer,  1962).   Foliation 
within  the  batholith  is  weakly  defined  and  strikes  roughly 
north-northeast  (Murray,  1970). 

Pegmatites  are  abundant  and  are  generally  found  near 
the  contacts  between  the  batholith  and  country  rock  (Murray, 
1970).   Although  many  pegmatites  occur  exclusively  within 
the  batholith,  some  may  be  traced  from  batholith  to  country 
rock  (Murray,  1970) .   The  pegmatites  are    predominantly 
composed  of  microcline  and  quartz.   ftphanitic  "Bostonite" 
dikes  of  similar  composition  also  occur  throughout  the 
batholith  and  country  rocks  (Murray,  1970).   These  dikes  are 
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Figure  6i   Isopleth  map  of  total  mafic  mineral  content  in 
the  San  Isabel  batholith,  from  Murray  (1970). 
Contour  interval  is  3  percent. 


Figure  7 ■  Isopleth  map  of  hornblende  content  in  the  San 
Isabel  batholith,  from  Murray  (1970).  Contour 
interval  is  0.5  percent. 
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characterized  by  ti-achytic  alkali  feldspar  laths  with 
interstitial  quartz.   Mafic  dikes  of  Tertiary  (?)  age  occur 
and  are  commonly  veined  with  calcite.   Epidot izat ion  is 
common  near  the  margins  of  these  mafic  dikes  and  is  clearly 
secondary  in  origin  (Murray,  1970). 


RESULTS 


PETROGRAPHY 


Fifty— one  representative  samples  fr-om  the  coarse- 
grained porphyritic  facies  and  medium-grained  facies  from 
the  central  and  southern  portions  of  the  batholith  were 
selected  for  petrographic  study.   Although  the  textural 
facies  of  the  San  Isabel  monzogranite  can  be  easily 
distinguished  from  each  other  in  hand  specimen,  Murray 
(1970)  has  shown  that  the  textural  facies  of  the  batholith 
are  indistinguishable  from  each  other  on  mineral  pair  plots. 
This  study  tested  whether  or  not  the  textural  facies  were 
likewise  indistinguishable  from  each  other  on  elemental 
variation  diagrams. 

A  compilation  of  modal  analyses  of  the  San  Isabel 
batholith  is  given  in  Table  3.   Classification  of  the  San 
Isabel  monzogranite  based  on  modal  quartz,  alkali  feldspar, 
and  plagioclase  is  presented  in  Figure  8.   Generalized 
descriptions  of  typical  coarse— grained  porphyritic,  medium- 
grained,  and  quartz  medium— grained  samples  are    given  in 
Appendix  G. 


Table   3:      Modal  analyses   of  the   San  Isabel  batholith, 
coarse-grained  porphyritic  faoies. 


C0AHSB-GU1HED    PGKPtmUTIC    FaCIKS 

XORNBLSNOB-RICH 

T0-l4 

TU-102     TG-18     TG-94     TQ-16 

TO-136     TO-134 

TO- 110 

M-1JJ 

TO-93     TO-124 

MloroclliM 

28. a 

20.5         26.4 

29.0       27.8 

31.6          29.8 

30.1 

30.5 

30.8      30.0 

Placloolaaa 

29.1 

30.7         25.9 

26.0       29.0 

29.6          28.0 

32.4 

25.5 

22.2       28. 5 

quarts 

19.0 

22.2          28.2 

20.9       22.5 

19.7         21.3 

20.9 

22.0 

23.7      25.. 

Blotlta 

u.5 

U.3            7.1 

10.7        7.6 

8.6         10.3 

a. 6 

M 

•o      6.  a 

SftMM 

3. 3 

3.4           2.5 

0.3         4.6 

2.6           3-0 

t.i 

2.6 

0.1 

2.1 

Hornbland* 

5.0 

4.8           4.7 

3.0         4.0 

4.0            3.0 

3.0 

4.2 

3.0 

3-0 

Opaquaa 

2.9 

2.7            2.2 

3.2         3-8 

1.6            2.4 

2. a 

].< 

t.| 

2.2 

Acc*B«i>rl»« 

1.4 

4.4            3.0 

2.9        0.7 

2.3            2.2 

1. 1 

2.2 

3.0 

2.0 

COARSE-diUIMatt  FORPHXRITIC  P AC IBS 

intuu«2diati 

TG-137 

TO-12 

TC-100         TO- 126 

TG- 

129        M-127 

MlaroeUna*                  25.0 

34.3 

32.1              32.0 

31 

0 

31.9 

Placloolaaa                29.8 

33.0 

29-4              32.2 

32.4 

29.7 

Quarts 

22.0 

22.3 

26.3              20.1 

25-9 

23.2 

Blotlta 

11.4 

5.8 

a.*          9.2 

6 

9 

6.2 

Spnana 

3.3 

1.4 

1.6               1.8 

1 

2 

3.0 

Hornblanda                     z.y 

1.1 

1.0             1.3 

1 

0 

1.3 

Opaquaa 

2.9 

1.0 

0.8                 1.5 

0 

9 

2.3 

Aaaaaaorl 

•■                   3.3 

1.1 

0.4               1.9 

0 

7 

i.a 

CUA8SE-OUINIIO  rtiaPHTRITIC  PACIBS 

KOANBLENOI-POWI 

TO- 1 

TO-142       Tfl-79 

TO-139 

W-125       TO-143 

TO  -48 

M-95 

TO-I 

3        TG-68 

■Ucrooilna 

28.4 

29.6            27.4 

27. a 

29.2           33.3 

25-3 

30.6 

3». 

5         37. » 

Flafioelaaa 

ko.$ 

27-3           30.5 

26.4 

29.0            24. a 

25.7 

27.1 

2». 

S         32.6 

Quarts 

20.0 

20.9           23.4 

24.4 

22.4            21.9 

24.9 

27.6 

32. 

>         2..S 

Blotlta 

6.5 

10.9              9.8 

12.3 

U.3           10.5 

11.8 

11.0 

7. 

1          3.1 

Sphana 

to 

3.6              5.0 

3.1 

2.9             3.1 

5.4 

2.» 

0 

1.1 

Horn bland* 

0.5 

1.0            0.3 

0.9 

1.0             i.o 

0.? 

0.1 

0 

0 

opaquaa 

1.3 

2.9              1.9 

1*4 

1.9             2.0 

2.3 

o.a 

1.3           0.6 

Aocaaaorlaa 

*           I.* 

3.8             1.7 

3-7 

2-3             3.4 

3.9 

O.lt 

o. 

0.1* 

including  perthit* 
including  pyrite 

h™«tI*  ??Jo£l:  ohl°rit-'  apatita.  xireon,  allanita. 
ntraaxita,  liuorito,  and  muscovit* 


Table  3:     Modal  analyses  of  the  San  Isabel  batholith, 
medium-grained  faoies. 


|     KDIUH-ORAIHSO  PftCISS     | 

HORMBLSND8-RICH 

TO-  28 

tO-87 

TO- 5* 

TO- 23 

MmnUn 

24.1 

2*.l 

32.9 

24.6 

Plagloolaaa 

32.0 

29.3 

24.2 

29-2 

Quarts 

2i. a 

21.0 

25-5 

21-5 

Blotlta 

10.0 

14.1 

7.0 

10.9 

Sphana 

3.* 

3.1 

3.0 

4.1 

MmHmIi 

3. a 

3.6 

4.6 

3-0 

Opaqua* 

1.9 

2.5 

2.0 

3.* 

*CC«*«OCi»B 

3.0 

2.3 

0.8 

3.3 

1      NtDIUhXimifliiD  PACIK3 

I 

INTBUatOIATS 

TQ-32 

TO- 108 

TO- 24 

TOO 

ra-5 

TO- 10     TO-26 

TC-96 

TC-59 

TO-. 

Tli-105 

Tfl-70 

Hlcroollm 

31.5 

29.5 

28.3 

29.2 

32-7 

29.4 

23.6 

27.1 

25.9 

29.  a 

29. a 

29.3 

Plaglool.a* 

30.1 

30.5 

26.5 

29.8 

J5.8 

32.0 

30.0 

29.0 

28.2 

26.5 

31.6 

26.0 

Quarts 

21.1 

20.0 

26.0 

22.7 

4.4 

24.6 

19. a 

27-5 

25.0 

25-9 

2«.7 

23.6 

Blotlta 

8-5 

9.0 

9-3 

9.1 

8.4 

7.8 

U.6 

7.7 

11.5 

a. a 

7.5 

9.0 

Sphana 

3.1 

4.7 

3.2 

2.9 

4.4 

1.4 

6.1 

t.l 

3.2 

2.6 

1.2 

3.2 

Harnblanda 

2.5 

2.1 

1.2 

1.2 

i. a 

1.9 

2.1 

1.1 

3.0 

1.9 

1.0 

l.» 

Opaquaa 

1.4 

1.7 

1.3 

1.9 

l.a 

1.3 

2.7 

1.1 

2.6 

3-0 

2.6 

3.3 

Aooaaaorlaa 

1.8 

2.5 

1.7 

3.2 

o.? 

l.a 

4.1 

1.7 

2.6 

1.5 

1.6 

*.2 

MEUlUK-OrUIMKO   PACIB3 

HOUtbXEHOtt-POOH 

TO- 29 

TQ-2S 

TO-1? 

TO-  22 

TO- 27 

TO- 109 

TO-91 

tO-77 

Nlcroclln* 

25-5 

29.3 

27.5 

27.4 

26.4 

28.2 

34.9 

29.1 

Plaflaelaaa 

2?.  9 

28.3 

32.3 

28.7 

31.0 

30.0 

25-7 

26.0 

Quarts 

23.4 

23.3 

20.0 

25.4 

23.3 

22.3 

24.1 

20.1 

Blotlta 

13.3 

11. a 

10.2 

10.7 

10.4 

10.4 

8.1 

14.6 

Sphana 

3.9 

2.4 

3.7 

2.2 

2.9 

2.4 

3.0 

2.8 

Homblanda 

0.8 

0.3 

1.0 

0.6 

1.0 

1.0 

0 

0 

Qp.au.." 

2.2 

2.6 

1,1 

2.0 

2.6 

2-3 

2.0 

1.3 

Aooaaaorlaa 

3.0 

2.0 

2.5 

3.0 

2.4 

3.* 

2.2 

2.1 

including  perthite 

including  pyrite 

including  epidote,  chlorite,  apatite,  zircon,  allanite, 

hematite,  fluorite,  and  muscovite 
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Mineral  Descriptions 

The  following  is  a  brief  description  of  the  mineralogy 
of  the  San  Isabel  monzogranite.  Mineral  descriptions  apply 
to  both  textural  facies. 

Microc 1 i.ne :  anhedral  to  euhedral;  average  phenocryst 
size  in  coarse—  grained  porphyritic  facies  is  2  to  A  cm,  up 
to  30  cm  in  some  areas;  average  size  in  medium— grained 
facies  is  £  to  3  mm;  invariably  perthitic  (string,  vein,  or 
minor  poorly  developed  braid  perthite) ;  tartan  twinned; 
rapakivi  texture  rarely  developed  but  present;  contains 
inclusions  of  plagioclase,  quartz,  and  biotite;  occasionally 
altered  to  sericite. 

BlsSioc  la.se :  anhedral  to  euhedral;  up  to  1  cm  in 
coarse— grained  porphyritic  facies;  average  size  in  medium- 
grained  facies  is  £  to  3  mm;  faint  albite  twinning;  usually 
extremely  altered  and  sericitized;  P.n£5  -  0n35;  contains 
poikilitic  inclusions  of  opaques,  hornblende,  biotite, 
sphene,  apatite,  and  rnicrocline. 

SU^H^z :  anhedral ;  up  to  8  mm  in  coarse-grained 
porphyritic  facies;  average  size  in  medium-grained  facies  is 
1.0  to  1.5  mm;  exhibits  undulatory  extinction;  always 
interstitial  to  feldspars;  occasionally  myrmekitic  when  in 
contact  with  rnicrocline. 

§i.££.i£.e:  anhedral  to  euhedral;  up  to  5  mm  in  coarse- 
grained porphyritic  facies;  average  size  in  medium-grained 


facies  is  1.0  to  1.5  mm;  most  abundant  mafic  mineral;  light 
brown  to  green;  occurs  in  early— formed  glomerocrysts  with 
sphene,  hornblende,  and  opaques  and  as  interstitial  material 
with  quartz;  contains  inclusions  of  sphene,  zircon,  epidote, 
apatite,  opaques,  hornblende,  and  quartz;  sometimes  altered 
to  chlorite,  epidote,  and  hematite. 

bSEDfi iBQde :  anhedral  to  euhedral ;  up  to  5  mm  in  coarse- 
grained porphyritic  facies;  average  size  in  medium-grained 
facies  is  1.5  mm;  green  to  blue— green  when  fresh,  brown  when 
altered;  poikilitic;  usually  deeply  embayed  and  resorbed ; 
frequently  occurs  in  early-formed  glomerocrysts  with 
biotite,  sphene,  and  opaques;  occasionally  twinned;  contains 
inclusions  of  apatite,  opaques,  zircon,  plagioclase,  and 
sphene;  alters  to  epidote. 

SebeQg:  anhedral  to  euhedral;  up  to  3  mm  in  coarse- 
grained porphyritic  facies;  average  size  in  medium-grained 
facies  is  1.0  mm;  brown;  usually  fractured;  frequently 
occurs  in  early-formed  glomerocrysts  associated  with 
hornblende,  biotite,  and  opaques;  occasionally  twinned; 
contains  inclusions  of  apatite,  opaques,  and  plagioclase; 
sometimes  altered  to  epidote,  opaques,  and  leucoxene. 

Oeague  minerals:  anhedral  to  subhedral  ;  up  to  £'  mm  in 
coarse-grained  porphyritic  facies;  up  to  1  mm  in  medium- 
grained  facies;  usually  associated  with  other  mafic 
minerals;  frequently  occur  in  early-formed  glomerocrysts; 
alter  to  hematite. 


In  addition,  the  San  Isabel  monzogranite  contains  the 
accessory  minerals  epidote,  apatite,  chlorite,  zircon, 
allanite,  hematite,  pyrite,  fluorite,  and  Muscovite. 

Sequence  of  crystallization  in  the  San  Isabel 
monzogranite  is  presented  in  Figure  3.       Early 
crystallization  of  zircon,  apatite,  opaque  minerals,  and 
sphene  occurred  followed  by  hornblende,  biotite,  and 
plagioclase.   Alkali  feldspar  crystallized  slightly  later 
than  plagioclase  and  continued  to  form  in  the  magma. 
Biotite  occurs  in  early— formed  glomerocrysts  with 
hornblende,  sphene,  and  opaque  minerals  and  as  late, 
interstitial  material  with  quartz.   Quartz  and  biotite  were 
the  last  major  phases  to  crystallize  from  the  magma. 

Prot  oc 1 ast  i  c  Text  ure 

Protoclastic  texture  is  locally  manifested  in  the  Sar; 
Isabel  batholith  and  occurs  almost  exclusively  in  the 
coarse— grained  porphyritic  facies.   Evidence  for  the 
development  of  protoclastic  texture  include:  (1)  undulose 
extinction  in  quartz  and  feldspar,  (2)  rounded,  lenticular 
phenocrysts  of  feldspar  wrapped  by  stretched  biotite  and 
quartz,  and  (3)  granulation  of  interstitial  quartz  and 
mafics.   This  texture  is  exhibited  by  the  following  samples: 
TG-48,  TG-94,  TG-35,  TG-10S,  TB-110,  TG-138,  and  TG-139. 
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Fifty-one  samples  were  selected  from  both  textural 
facies  for-  raajoi — element  analysis.   These  samples  represent 
the  range  of  composition  from  hornblende-rich  to  hornblende- 
poor-   For  this  study,  "hornblende— rich"  samples  are 
designated  as  those  having  3-6  percent  modal  hornblende  and 
hornblende/biot ite  ratios  greater  than  0.  £S.   "Intermediate" 
samples  are  characterized  by  1-3  percent  modal  hornblende 
and  hornblende/biot ite  ratios  ranging  from  0.11  to  0.  £5. 
"Hornblende-poor"  samples  have  0-1  percent  modal  hornblende 
and  hornblende/biot ite  ratios  ranging  from  0  to  0.10. 


Major  Elements 

Majoi — element  data  for  the  San  Isabel  monzogranite  are 
given  in  Table  4.   Elemental  variation  diagrams  were  plotted 
by  texture  (coarse-grained  porphyritic  facies  and  medium- 
grained  facies)  and  by  mineralogy  (hornblende-rich, 
intermediate,  and  hornblende-poor).   Examples  of  elemental 
variation  diagrams  (MgO  vs.  Si0£,  Fe£D3  vs.  SiOs,  CaO  vs. 
SiOg,  and  TiOg  vs.  Si0£)  based  on  texture  are  shown  in 
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Figure  10:  Elemental  variation  diagrams  of  the 

San  Isabel  batholith  based  on  textural 
faciesi  Fe20,  vs.  SiO.  and  MgO  vs.  SiO,. 
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Figure  Hi  Elemental  variation  diagrams  of  the 

San  Isabel  batholith  based  on  textural 
faoiesi  CaO  vs.  SiO_  and  TiO-  vs.  SiO„. 
CaO  2       2       2 


. 


J. 


rn* 

-•93 

"tf 

.0001 

□     * 

V 

V 

-.78 

.0001 

*      ••Sa 
1 

• 

3 


33  57  39  St  S3  S3  87  S9  H 

SiC^ 

O  Coarse-grain  facies 

#  Medium-grain   facies 


TiO, 

2.23- 

V   "-88 

l.Ofr 

a 

■ 

«n"  .oooi 

a 

B 

□ 

V   "-75 

1.7* 

a 

•  a 

«*■    .0001 

1  .30- 
'  -23- 

33 

0    % 
□a     •• 

=  0 

•!== 

1  .00- 

a 
□ 

f 

0-73- 

0 

0.50- 

—            n 

55  57  59  SI  S3  S3  S7  S9  7] 

Si02 
(wgt.  %) 


33 


Figure  12:  Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 


al 


Feo0. 


alogy;    Fe20,  vs.    SiO,   and  MgO  vs.    SiO.. 
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Figure  13:  Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 


CaO 
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Figures  10  and  11.   For  comparison,  examples  of  the  same 
elemental  variation  diagrams  based  on  mineralogy  are  shown 
in  Figures  12  and  13.   Variation  diagrams  plotted  by  texture 
show  that  the  textural  facies  of  the  San  Isabel  batholith 
are  indistinguishable  from  each  other  not  only  on  mineral 
pair  plots  (Murray,  1970)  but  also  on  most  elemental 
variation  diagrams.   Based  on  confidence  intervals  (C.I.) 
for  both  textural  facies  (Table  20),  significant  overlap 
between  coarse-grained  porphyritic  samples  and  medium- 
grained  samples  exists  for  all  elements  except  Na£0  and  Rb. 
The  coarse-grained  porphyritic  facies  tends  to  have  higher 
Na£0  and  lower  Rb  contents  than  the  medium-grained  facies 
(Table  £0).   Variation  diagrams  based  on  mineralogy  show 
significant  overlap  of  hornblende-rich  and  hornblende-poor 
samples  but  minor  separation  of  hornblende-poor  samples  from 
all  other  samples  is  evident  on  most  plots.   The  most  felsic 
samples,  and  presumably  the  most  differentiated,  are  always 
hornblende-poor.   Therefore,  the  majority  of  elemental 
variation  diagrams  in  this  study  are  plotted  by  mineralogy 
rather  than  texture. 

Elemental  variation  diagrams  for  Na£0  vs.  Si0£  and  K£0 
vs.  SiOa  are  shown  in  Figure  14.   Enrichment  of  FeO  relative 
to  MgO  is  demonstrated  by  the  FER  vs.  K£0  plot  (Figure  15) 
where  FER  =  FeO/ (FeO+MgO) .   The  degree  of  alumina  saturation 
in  the  San  Isabel  monzogranite  is  demonstrated  by  the  SHfiND 
vs.  Si0£  plot  (Figure  15)  where  SHflND  =  molecular 

41 


Figure  l4s   Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 
alogy; Na20  vs.  SiO_  and  K.O  vs.  SiO_. 
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?igure  15  ■•     Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 
alogy! FER  (FeO/FeO  +  MgO)  vs.  K,0 
and  SHAND  (mol.  A1„0,  /  Na,0  +  KXO  + 
CaO)  vs.  Si02.    '  3  z     2 
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Al£03/ <Na£0+K£0+CaO) .   Majoi — element  contents  are  plotted 
versus  differentiation  index  <DI)  in  Figures  40,  41,  and  42 
in  Appendix  F.   Differentiation  index  (DI)  is  calculated  as 
the  sum  of  normative  quartz,  orthoclase,  albite,  nepheline, 
leucite,  and  potassium  metasi 1 icate. 

The  San  Isabel  monzogranite  is  too  Fe— rich  to  be  calc— 
alkaline  (average  Fed/ (FeO+MgO)  =  0.79)  and  is  metal uminous 
to  slightly  peraluminous.   Hornblende— poor  samples 
consistently  have  the  lowest  Fe£03,  MgO,  CaO,  and  Ti0£,  and 
the  highest  Si0£  and  DI.   In  most  cases,  the  reverse  is  true 
for  hornblende-rich  samples  although  some  hornblende-poor 
samples  plot  at  the  undifferentiated  end  of  major-element 
trends.   These  hornblende— poor  samples  contain  abundant 
sphene,  biotite,  and  epidote  which  may  account  for  the 
overlap  between  hornblende-poor  and  hornblende-rich  samples 
on  most  variation  diagrams.   Fifteen  out  of  eighteen 
hornblende— poor  samples  have  high  accessory  minerals  with 
epidote  being  the  most  abundant  accessory.   Complete 
alteration  of  hornblende  to  epidote  may  have  occurred  in 
these  rocks  producing  "hornblende-poor"  samples  that  plot  in 
the  undifferentiated,  hornblende— rich  portion  of  majoi — 
element  trends. 

Percentages  of  Si0£,  K2O,  and  Na£0  increase  with 
increasing  DI  while  percentages  of  Fe£03,  MgO,  CaO,  Ti0£, 
and  MnO  decrease.   Rb/Sr,  FeO/ (FeO+MgO) ,  Na£0+K£0, 
(Na£0+K£0) /CaO,  and  molecular  Rl£03/ (Na£0+K£0+Ca0)  all 


increase  with  increasing  DI. 

Variation  diagrams  involving  ferromagnesian  elements 
invariably  show  linear  trends  with  high  correlation 
coefficients  (greater  than  0.80)  while  those  involving  NagO, 
KgO,  and  fll£03  have  correlation  coefficients  approaching 
zero  and  tend  to  be  non-linear  in  comparison. 

Trace  Elements 

Sixteen  of  the  samples  discussed  above  were  selected 
from  both  textural  facies  for  trace-element  analysis.   These 
samples  represent  the  range  of  composition  from  hornblende- 
rich  to  hornblende-poor.    Trace-element  contents  of  the  San 
Isabel  monzogranite,  except  for  Rb  and  Sr,  are  given  in 
Table  5.   Rb  and  Sr  concentrations  are    given  in  Table  A. 
Elemental  variation  diagrams  are    presented  in  Figures  16, 
17,  IS,  and  23.   Chondrite— normal ized  rare-earth  element 
(REE)  patterns  for  the  San  Isabel  batholith  are  plotted  in 
Figure  19.   In  addition,  chondrite-normal ized  REE  patterns 
of  mineral  separates  from  a  hornblende-rich  sample  (TG-1S) 
are    given  in  Figure  20.   Trace-element  contents  of  the 
mineral  separates  from  TG-16  are  presented  in  Table  6. 

Hornblende-poor  samples  consistently  plot  at  the  most 
differentiated  end  of  trends  in  elemental  variation 
diagrams.   Hornblende-poor  samples  tend  to  have  the  largest 


negative  Eu  anomalies,  the  highest  Rb/Sr-  ratios,  and  the 
highest  concentrations  of  Th  and  REE.   Eu/Sm  ratios  decrease 
slightly  from  hornblende— rich  to  hornblende— poor  samples. 
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Figure  16:  Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 
alogy; Rb/Sr  vs.  SiO.  and  Rb  vs.  Ba. 
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Figure   17:     Elemental  variation  diagrams   of  the 
San  Isabel  batholith  based   on  miner- 
alogy;   Ba  vs.    Eu/Sm  and  Th  vs.    Rb/Sr. 
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Figure  18:  Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 
alogy; Rb  vs.  Th  and  Yb  vs.  Th. 
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Figure  12:   Chondrite  normalized  rare-earth 
element  (REE)  patterns  for  the 
San  Isabel  batholith. 
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Figure  20:   Rare-earth  element  (REE)  ranges 
of  mineral  separates  from  the 
San  Isabel  monzogranite. 
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DISCUSSION 


COMPARISON  OF  SON  ISABEL  BOTHOLITH 
WITH  OTHER  GRANITIC  ROCKS 


Compared  to  other  granitic  rocks  (Tables  7  and  8),  the 
San  Isabel  monzogranite  is  characterized  by  low  SiO£, 
moderate  Sr,  high  Fe£03,  TiO£,  K£0,  Ba,  Sc,  and  REE,  and 
small,  negative  Eu  anomalies  (Eu/Sm  =  0.146  to  0.218). 

0  comparison  of  elemental  variation  in  selected  Wet 
Mountain  granitoids  is  presented  in  Figures  30  through  33  in 
Appendix  E.   Granitoid  plutons  considered  in  this  comparison 
include: 

(1)  1.36  b.  y.  old  San  Isabel  monzogranite 

(2)  1.44  b.  y.  old  Oak  Creek  monzogranite  to 
granodiorite;  data  provided  by  Stone  (1984) 

(3)  1.46-1.47  b.  y.  old  West  McCoy  Gulch  monzogranite  to 
syenogranite;  data  provided  by  Sassarini  (1384) 

(4)  1.67  b.  y.  old  Garell  Peak  granodioritej  data 
provided  by  McCabe  (1984) 

Other  Wet  Mountain  plutons  selected  for  this  comparison  are: 
Blue  Ridge,  Bear  Creek,  Grape  Creek,  Buckskin  Joe,  Baker 
Gulch,  north  of  Gem  Park,  Parkdale  Gneiss,  Royal  Gorge,  Twin 
Mountain,  and  Temple  Canyon.   Chemical  data  for  these  rocks 
were  provided  by  Cullers  (1985).   For  plotting  purposes, 
most  of  these  samples  were  assigned  names  based  on  location. 
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For-  the  most  part,  these  samples  represent  the  foliated  1.7 
b. y.  old  granod i or i t es  (Xgd)  which  are  abundant  in  the 
northern  Wet  Mountains. 

In  addition,  the  major—  and  trace— element 
concentrations  of  selected  Wet  Mountain  granitic  rocks  is 
presented  in  Table  19  in  Appendix  H.   Chemical  data  from  the 
1.3S  b.  y.  old  Bear  Basin  granite  and  the  1.7  b.  y.  old 
Crampton  Mountain  granodiorites  are  included  in  this 
compilation. 

Conclusions  based  on  examination  of  elemental  ranges 
(Table  19)  and  comparison  plots  of  selected  Wet  Mountain 
granitoid  plutons  (Figures  30  to  39)  include  the  following: 

(1)  Compared  to  the  San  Isabel  monzogranite,  the  most 
similar  granitoid  pluton  in  the  Wet  Mountains,  based  on 
chemistry,  is  the  porphyritic  facies  of  the  Oak  Creek 
monzogranite  to  granodiorite.   The  only  major  differ — 
ences  between  the  two  are: 

(a)  Oak  Creek  has  higher  Th  and  Ba  (Figure  39). 

(b)  Oak  Creek  samples  occasionally  plot  in  the 
calc-alkaline  field  defined  by  the  SiOg  vs. 
FeO/(Fe0+Mg0)  plot  (Figure  33). 

(c)  Oak  Creek  is  more  peraluminous  (Figure  32). 

(2)  The  least  differentiated  tonalites  and  granodiorites 
from  the  Crampton  Mountain/Twin  Mountain  area  are  also 
chemically  similar  to  the  San  Isabel  batholith  (Table 
19).   These  met  a  I  urn  i  nous  granitoids  have  similar  SiCg, 
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Ba,  and  f erromagnesian  element  contents  to  the  San 
Isabel  batholith. 
(3)  Compared  to  most  of  the  Wet  Mountain  gi-anitoids  other 
than  Oak  Creek,  the  San  Isabel  monzogr-anite  is 
char-act  er  i  zed  by : 

<a>  lower  Rb/Sr  ratios  (Figure  30) 

<b)  higher-  Si-  contents  (Figure  31) 

(c)  lower  molecular  P,l£03/ (Na20+K2O+Ca0)  ;  The  San 
Isabel  batholith  is  predominantly  metal uminous 
while  all  other  granitoids  tend  to  be  peral um- 
inous (Figure  32). 

(d)  higher  TiOs  and  MgO  contents  (Figure  36) 

(e)  higher  CaO,  FeO,  and  Ba  contents;  The  San  Isabel 
nonzogranite,  the  Crampton  Mountain  tonal ites  and 
granodiorites,  and  the  porphyritic  facies  of  the 
Oak  Creek  pluton  have  the  highest  CaO,  FeO,  and 
Ba  concentrations  of  all  Wet  Mountain  granitoids 

(Figures  37  and  39  and  Table  19). 

(4)  Almost  all  Wet  Mountain  granitoids  are  too  Fe-rich  to  be 
calc-alkaline  (Figure  33  and  Table  19)  and  are  subalkal- 
ic  to  alkalic  in  nature  (Figure  34). 

(5)  Oil  Wet  Mountain  plutons  show  similar  trends  on  the 
(NaaO+K£0)/CaO  vs.  SiOg  variation  diagram  (Figure  35) 

except  the  West  McCoy  Bulch  monzogranite  to  syeno- 
granite  which  lacks  any  discernable  trend. 


ASSIMILATION  OF  XENOLITHS 

Xenoliths  of  hornblende—  biot ite  gneiss  and  granite 
gneiss  are  common  in  some  parts  of  the  San  Isabel  batholith. 
Evidence  for  contamination  of  the  San  Isabel  magma  by 
assimilated  xenoliths  includes  the  following: 

<1>  Some  mafic  mineral  schlieren  up  to  30  cm  in  length 

have  gradational  boundaries  with  the  batholith  (Murray, 

1970)  . 

(£}  The  San  Isabel  monzogranite  has  high  K  and  Ba 

contents  -  melting  of  felsic  portions  of  xenoliths 

could  produce  melts  with  high  K  and  Ba. 
Assimilation  of  xenoliths  by  the  San  Isabel  magma  appears  to 
be  minimal  though,  based  on  the  following  observations: 

<1>  Xenoliths  usually  exhibit  sharp  contacts  with  the 

batholith  (Murray,  1970). 

(2)  The  low  initial  B7gr/B6sr  ratio  of  the  San  Isabel 
monzogranite  suggests  that  negligible  contamination  by 

1.8  b. y.  old  metasedimentary  and  metavolcanic  rocks 
occurred . 

(3)  Whole  rock  samples  of  the  San  Isabel  batholith 
define  a  straight  line  when  plotted  on  Concordia 
diagrams  regardless  of  location  or  proximity  to 
xenoliths  (Thomas  et  al. ,  in  press). 
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METASOMATISM  AND  ALTERATION 

Deuteric  alteration  of  the  San  Isabel  batholith  was 
recognized  by  Murray  (1970)  and  is  largely  responsible  for 
alteration  of  biotite  to  chlorite,  sphere  to  leucoxene, 
hornblende  to  epidote,  and  feldspar  to  sericite. 
Plagioclase,  in  particular,  is  usually  extremely  altered  and 
sericitized.   Elemental  variation  diagrams  involving  Na,  K, 
Sr,  and  Ba  are  characterized  by  low  correlation  coefficients 
(r)  and  may  be  further  evidence  of  deuteric  alteration.   In 
addition,  metasomatism  involving  fluids  rich  in  alkalis  may 
also  be  responsible  for  non— linear  variation  diagrams 
involving  Na,  K,  and  Ba.   Trace-elements  that  tend  to  become 
mobile  during  weathering  processes,  deuteric  alteration,  or 
metasomatism  include  Na,  K,  Rb,  Sr,  Cs,  Ba,  and  P  (Tarney  et 
al. ,  1977;  Cox  et  al.,  1980).   Therefore,  a  mechanism  for 
altering  certain  elemental  concentrations  (Na,  K,  Sr,  and 
Ba)  in  the  San  Isabel  batholith  exists. 

Ba  contents  in  the  San  Isabel  batholith  are    especially 
variable  (Table  5  and  Figure  16).   Due  to  the  extreme 
variability  of  Ba  in  the  batholith,  use  of  the  element  in 
trace-element  modeling  of  fractional  crystallization 
processes  will  be  avoided.   Rb  and  Sr  contents  in  the  San 
Isabel  batholith  also  show  some  variation  (Figure  31)  but 
the  linear  nature  of  the  Rb-Sr  whole  rock  isochron  (Shuster, 
1984)  and  the  general  agreement  between  Rb-Sr  and  U-Pb  ages 
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(Shuster,  1984;  Thomas  et  al.  ,  in  press)  argue   against 
significant  mobilization  of  Rb  or-  Sr.   Therefore,  Rb  and  Sr 
will  be  utilized  in  trace-element  modeling  of  the  San  Isabel 
batholith. 

INTENSIVE  PARAMETERS 

The  San  Isabel  batholith  is  considered  to  be  a 
mesozonal-catazonal  pluton  (Murray,  1970)  based  on  the 
following  criteria  as  defined  by  Buddington  (1959) : 

(1)  no  evidence  of  contact  metamorphism  of  country 
rock 

(2)  no  evidence  of  chill  zones  in  the  batholith 

(3)  abundant  migmatites  and  lit-par— lit  gneisses 
(*)  abundant  pegmatites 

(5)  foliation  of  country  rock  wraps  around  the 
margins  of  the  batholith 

(6)  the  batholith  is  generally  coarse— grained 
Mesozonal—catazonal  intrusions  are  presumably  em placed  at 
depths  of  10-15  km  and  a  pressure  of  3-5  Kb. 

The  normative  composition  of  the  San  Isabel  batholith 
in  terms  of  quartz,  albite,  and  orthoclase  at  various  Ab/fin 
ratios  is  presented  in  Figure  21.   Pressures  in  excess  of  7- 
10  Kb  are   suggested  by  the  normative  Q-Ab-Or  diagram,  but 
conclusions  based  on  this  diagram  must  be  made  with  care  for 
the  following  reasons: 
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Figure  21s   Normative  composition  of  the  San  Isabel 

batholith  in  terms  of  quartz ,  orthoclase , 
and  albite  at  various  Ab/An  ratios.  These 
are  compared  to  the  experimental  system 
at  HgO-saturated  conditions. 


63 


(1)  Samples  plotted  on  the  normative  Q-fib-Or  diagram 
are  compared  to  the  experimental  system  at  H£0- 
saturated  conditions  —  samples  from  anhydrous  melts  may 
give  anomalous  pressures  (Steiner  et  al.  ,  1375). 

(2)  Samples  may  not  represent  minimum  melt  compositions 
(Anderson  and  Cullers,  1378). 

The  presence  of  euhedral,  magmatic  epidote  as  inclusions  in 
the  biotite  suggests  that  crystallization  of  the  San  Isabel 
magma  did  indeed  occur  at  very  high  pressures  (Holdaway, 
1372;  Liou,  1373;  Naney,  1383;  Zen,  1385)  as  indicated  by 
the  normative  Q— fib-Or  diagram. 

Murray  (1370)  estimated  the  temperature  of  the  San 
Isabel  magma  at  the  time  of  emplacement  by  a  number  of 
procedures  involving  quartz,  feldspar,  and  muscovite: 
(1)  Coexistence  of  microcline  containing  25-35* 
perthite  and  plagioclase  (An30>  implies  a 
temperature  of  600-700°  C  (Barth,  1951). 
(S)  Exsolution  of  albite  from  alkali  feldspar 
(0b30)  occurs  at  about  675"  C  (Barth,  1363). 

(3)  Concurrent  growth  of  plagioclase  (Bn3o>  and 
alkali  feldspar  (Sbss-Abss)  takes  place  at 
about  725° C  (Deer  et  al.,  1366). 

(4)  Minimum  melt  conditions  of  a  granite  with 
quartz,  plagioclase  (P,n34>,  and  alkali  feld- 
spar (0bs5-fib35)  are  670'  C  and  5  Kb  (Winkler, 
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(5)  Muscovite  is  unstable  at  temperatures  greater 

than  725° C  at  about  5  Kb  pressure  (Barth,  1969). 
The  anhydrous  nature  of  the  San  Isabel  batholith  during 
initial  crystallization  is  suggested  by  the  presence  of 
late,  interstitial  biotite  and  occasional  fluorite 
(Chappell,  1966;  White  and  Chappell,  1977;  Collins  et  al.  , 
198£>,  although  some  early  biotite  does  occur  in  the  mafic 
glomerocrysts.   The  occurrence  of  abundant  pegmatites 
throughout  the  batholith  indicates  hydrous  conditions  during 
later  stages  of  crystallization  in  the  San  Isabel  magma. 
Simultaneous  crystallization  of  late  biotite  and  quartz  is 
characteristic  of  the  San  Isabel  batholith  and  suggests  an 
H2O  content  of  1.S-1.5X  in  the  magma  <Maal0e  and  Wyllie, 
1975;  Wyllie  et  al.,  1976). 

Baw»d  on  the  preceding  discussions,  the  temperature  of 
the  San  Isabel  magma  at  the  time  of  emplacement  was 
approximately  735* C  (Murray,  1970).   P  pressure  of  5-7  Kb 
during  emplacement  is  indicated  by  the  normative  Q-Ob-Or 
diagram,  the  presence  of  magmatic  epidote,  and  criteria 
defined  by  Buddington  (1959).   H£0  content  of  the  San  Isabel 
magma  was  1.2-1.5%  based  on  sequence  of  crystallization. 
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PETROGENESIS 


Introduction 


Models  for-  the  or-igin  and  chemical  evolution  of  the  San 
Isabel  batholith  must  be  consistent  with  majoi —  and  trace- 
element  data,  petrography,  field  relationships,  results  of 
experimental  petrography,  and  isotopic  data.   In  this  study, 
assessment  of  possible  source  rocks  that  could  melt  to  form 
the  least  differentiated  portions  of  the  San  Isabel 
batholith  is  based  on  compatibility  with  the  above  data. 

Isotopic  Constraints 

Isotopic  data  place  constraints  on  the  type  of  source 
rock  that  can  melt  to  form  an  igneous  rock,  the  age  of 
crystallization,  the  residence  time  of  an    igneous  rock  in 
the  crust,  and  the  time  of  crust a 1 -derivation  from  the 
mantle. 

Nelson  and  DePaolo  (1985)  have  shown  that  the  "crust- 
formation  age"  or  time  of  differentiation  of  the  crust  from 
the  mantle  for  a  large  portion  of  the  central  United  States, 
based  on  Nd  isotopic  data,  is  1.7  to  1.9  b.  y.  ago  (Figure 
22).   Thomas  et  al.  (in  press)  demonstrated  that  most  of  the 
Precambrian  basement  of  the  central  United  States  is 
underlain  by  a  great  terrane  of  rhyolitic  ash  flow  tuff  and 
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Figure  22:  Generalized  maps  showing  crystallization 
ages  of  basement  rocks  in  North  America 
and  crust-formation  ages  for  North  and 
Central  American  petrographic  provinces. 


Generalized  map  showing  U/Pb  ages  from  zircons  of  basement  rocks. 
Age  range  for  each  terrane  indicates  the  oldest  rocks  Known  from 
that  regioni  younger  rocks  may  also  be  present.  Dots  indicate  loc- 
ations of  known  1520-1U80  m.y.  old  anorogenic  plutons  within  older 
terranes.  (from  Thomas,  J.,  Shuster,  H.,  and  Bickford,  M.,  in  press). 


Schematic  outline  of  crust- 
formation  age  provinces  for 
North  and  Central  America 
baaed  on  Nd/Sm  data.  Bound- 
aries are  queried  where  highly 
speculative,  (from  Nelson,  B. 
and  DePaolo,  0.,  1985). 
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epizonal  granite  pi  uteris  dated  at  1.35-1.  A  b.  y.  (Figure  22). 
Thomas  et  al.  (in  press)  also  provided  a  U/Pb  age  from 
zircons  of  1.36  b.  y.  for  the  San  Isabel  batholith.   The 
calculated  initial  a7sr/B&Sr   ratio  for  the  San  Isabel 
batholith  is  0.7031  (Shuster,  1984). 

The  age  of  crustal-derivat ion  from  the  mantle  for 
selected  samples  from  the  central  United  States  is  1.7  to 
1.9  b.y.  (Nelson  and  DePaolo,  1985).   The  assumption  that 
rocks  in  the  Met  Mountains  have  similar  cr ust a 1 -derived  ages 
may  be  unfounded  because  only  one  Wet  Mountain  sample  was 
analyzed  in  the  above  study,  although  Nelson  and  DePaolo 
(198S)  analyzed  many  samples  from  the  Rocky  Mountains  of 
Colorado  and  these  were  shown  to  have  crust -format ion  ages 
of  1.7  to  1.9  b.y.. 

The  San  Isabel  batholith  is  contemporaneous  with  the 
1.35  to  1.4  b.y.  old  terrane  of  rhyolite  and  unfoliated, 
epizonal  granite  that  occurs  in  the  Precambrian  basement  of 
the  central  United  States  and  may  represent  a  deepei — seated 
(mesozonal-catazonal)  manifestation  of  this  anorogenic 
tectonic  activity  (Thomas  et  al.  ,  in  press). 

The  low  initial  87sr/B6sr  ratio  of  the  1.36  b.y.  old 
San  Isabel  batholith  suggests  that  the  source  rock  that 
melted  to  form  the  batholith  was  (1)  mantle-derived  or  (2) 
characterized  by  a  short  residence  time  in  the  lower  crust. 
In  addition,  the  low  initial  S7sr./B6sr  ratio  of  the 
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batholith  places  constraints  on  the  maximum  Rb/Sr  ratio  that 
a  given  source  rock  may  have.   Assuming  that  the  source 
rocks  have  initial  S7gr/B6sr  ratios  ranging  from  0.700  to 
0. 703,  and  assuming  that  no  pre-San  Isabel  melting  events 
have  occurred,  the  highest  Rb/Sr  ratio  the  source  rocks  can 
h>ve  and  still  be  compatible  with  the  low  initial  B7sr/B6sr 
ratio  of  the  San  Isabel  batholith,  is  0.22. 

Additional  Constraints 

Trace— element  modeling  of  the  processes  responsible  for 
the  range  of  composition  in  the  San  Isabel  batholith  can  be 
a  valuable  aid  in  placing  constraints  on  <1)  the  type  of 
source  rock  that  can  melt  to  form  the  batholith,  (2)  the 
degree  of  partial  melting,  and  (3)  the  proportion  of  phases 
in  the  melt. 

Petrographic  data  and  trace-element  contents  of  the  San 
Isabel  batholith  suggest  that  the  hornblende-rich  portion  of 
the  batholith  is  the  least  differentiated,  most  primitive 
rock  in  the  suite.   Hornblende-poor  samples  consistently 
plot  at  the  differentiated  end  of  trends  in  elemental 
variation  diagrams  (Figures  16,  17,  and  IB).   Therefore,  the 
origin  of  the  hornblende-rich  portion  of  the  batholith  will 
be  considered  first  followed  by  models  for  the  formation  of 
the  hornblende— poor  portions. 

Any  model  for  the  origin  of  the  least  differentiated, 
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hornblende-rich  portion  of  the  batholith  must  account  for 
the  following  characteristics: 

(1>  small,  negative  Eu  anomalies 

<2>  high  concentrations  of  REE 

<3)  moderate  concentrations  of  Sr 

(4)  high  concentrations  of  large-ion-1 ithophi le 
elements  (LILE)  such  as  K,  Ba,  and  LREE 

(5)  high,  but  extremely  variable  Ba  contents 

(6)  low  to  moderate  LREE/HREE 

(7)  high  concentrations  of  Fe,  Mg,  Ca,  and  Ti 

(8)  metaluminous  nature 

(9)  low  initial  87s,-/86sr  ratio 

(10)  abundant  mafic  minerals 

(11)  abundant  modal  quartz 

(12)  presence  of  mafic  glomerocrysts  and  cumulate 
mafic  material  throughout  the  batholith 

(13)  presence  of  partially  assimilated  hornblende- 
biotite  gneiss  and  granite  gneiss  xenoliths 

Production  of  a  granitic  rock  with  the  above  characteristics 
by  partial  melting  processes  requires  a  source  with  little 
or  no  Eu  anomaly  and  no  garnet  (Cullers  and  Graf,  1984) .   In 
addition,  the  small,  negative  Eu  anomaly,  moderate  Sr,  and 
high  Ba  and  K  contents  of  the  batholith  require  that 
residual  plagioclase  and  no  alkali  feldspar  be  present  in 
the  source  (Cullers  and  Graf,  1984). 
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Potential  Source  Rock  Types 

The  following  rock  types  will  be  tested  as  source  rocks 
for  the  San  Isabel  magma: 

(1)  Metamorphic  rocks  similar  in  composition  to  the 

1.8  b.  y.  old  hornblende— biotite  gneiss  and  granite 

gneiss  country  rocks, 
<2)  Quartz— normative  tholeiitic  gabbro, 
<3>  Gramtic  rocks  similar  in  composition  to  the  1.7 

b.  y.  old  foliated  plutons  at  Garel  1  Peak,  Royal 

Gorge,  and  Twin  Mountain,  and 
(4)  Tonal ites  and  granodiorites  similar  in  composition 

to  other  1.7  b.  y.  old  tonal  ites  and  granodiorites 

in  the  mid— continent  and  having  negligable  Eu 

anomalies  (Anderson  and  Cullers,  1978;  Cullers  and 

Graf,  1984). 


MeHina  of  lj_8  b._v.._  ol.d  MetamoretLiE 
Country  Rock 


Metamorphic  country  rocks  in  the  Wet  Mountains  of 
Colorado  consist  of  biotite  gneiss,  granite  gneiss, 
amphibolite,  and  biotite  schist  but  granite  gneiss  is  the 
most  abundant  rock  type  with  the  lowest  melting  point. 
Partial  melting  of  1.8  b.  y.  old  granite  gneiss  country  rock 
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to  form  the  San  Isabel  magma  is  an  attractive  model  because 
large  volumes  of  metamorphic  country  rock  are  available  for 
generation  of  granitic  melts.   In  addition,  melting  of 
granite  gneiss  could  produce  K-spai — rich  melts  and  could 
explain  high  K  and  Ba  in  the  San  Isabel  batholith.   But  the 
low  initial  B7sr/8&Sr  ratio  of  the  batholith  (0.7031) 
precludes  radiogenic  1.8  b.  y.  old  metamorphic  country  rock 
as  source  material.   Rb/Sr  ratios  in  the  granite  gneiss 
range  from  0.63  to  1. 30  (Cullers,  1985)  and  are  too  high  to 
be  compatible  with  the  low  initial  B7s,-/B6sr  ratio  of  the 
San  Isabel  batholith. 

Partial  melting  of  biotite  gneisses  and  schists  to  form 
the  San  Isabel  magma  is  unlikely  because  melting  of 
metapelitic  schists  and  gneisses  tends  to  produce 
pera luminous  granites  (Collins  et  al. ,  1982;  Didier  et  al.  , 
1982).   In  addition,  granitic  rocks  formed  from  partial 
melting  of  metapelitic  source  rocks  (S-type  granites)  have 
initial  87gr./86sr  ratios  greater  than  0. 708  (Collins  et  al.  , 
1982;  Didier  et  al. ,  1982).   The  San  Isabel  monzogranite  is 
distinctly  met a luminous  and  contains  abundant  modal 
hornblende  and  sphene.   These  characteristics  are  indicative 
of  an  igneous  source  rather  than  a  metasedisientary  one 
(Collins  et  al. ,  1982;  Didier  et  al. ,  1982).   Therefore,  the 
1.8  b.y.  old  metamorphic  country  rock  must  be  rejected  as 
the  source  rock  for  the  San  Isabel  magma. 


72 


Melting  of  SifsrtzrNSEfflative 
IbalsiiilE  Babbro 


Partial  melting  of  basaltic  source  rocks  to  produce 
granitic  magmas  has  been  recognized  as  a  viable  mechanism  in 
a  number-  of  previous  studies  (Barker  et  al. ,  1975;  Thorpe  et 
al.,  1977;  Perfit  et  al. ,  1980;  Snoke  et  al. ,  1981;  Cullers 
and  Graf,  19S4).   Therefore,  a  quartz -normative  tholeiitic 
gabbro  was  tested  as  a  source  rock  for  the  San  Isabel 
monzogranite.   Trace-element  contents  for  the  tholeiitic 
gabbro  source  are  taken  from  data  on  altered  tholeiites 
(Wood  et  al.,  1976;  He 11 man  et  al.,  1979;  Luden  and 
Thompson,  1979;  flpted,  1981;  Cullers  and  Graf,  1984; 
Anderson  and  Cullers,  1985)  and  are    given  in  Table  9. 

Five  to  ten  percent  partial  melting  of  quartz-normative 
tholeiitic  gabbro  (mode:  plag ioclase/cl inopyroxene/ortho- 
pyroxene/hornblends/biot ite/sphene  =  . 50/. 30/. 10/. 05/. 0£/ 
.03;  melting  ratio  =  .  30/. £5/. 04/. 30/. 10/. 01)  can  produce 
melts  characterized  by: 

(1)  small,  negative  Eu  anomalies 

(2)  moderate  to  high  REE 

(3)  low  initial  87gr./86sr  ratios 

(4)  high  Fe/Mg  ratios 

The  San  Isabel  batholith  possesses  all  of  the  above 
characteristics.   In  addition,  Eu,  Sm,  Yb,  and  Lu 
concentrations  in  the  San  Isabel  batholith  are  well  within 

73 


co 
T3 

O 
S 

c 
o 

•H 

+> 

a! 


cO 
+" 

& 
o 

-a 
c 
co 

bp 

c 


CO 

a 
c 


60 
C 

co 
E 

p 
c 
co 

E 
0) 


CO 
Sr 
EH 


cd 
6h 


>0        rl        CM        CM 


so      **     cy      r> 


g    (3 

9  i- 

^-  o 


+» 

•H  1-1 
r-l    CO 

Li 

60U 

c 

■H  T3 
>    C 

CO  CO 

CQ 

co  u 

0)  CO 
■PH 
•H  H 
Li   3 

o  o 

•H 

•O  TJ 
O  C 
C  CO 
CO 

U-* 

60  CD 

O- 

-O  o\ 
C  w 
co- 


rn u 

01  CO 
P  H 
•rt  H 
rH   3 

CO  O 

C 

O  TJ 

P    C 

CO 

CO  C 

<D  o 

P  CO 

•H  Ll 

e  o 
a)  T3 
*■»  C 

.c  < 

13 

c  s 
o  o 

Li  U 
P  sm 

Li  CI) 
O  in 
Vi   CO 

CD  CO 
U  P 
CO   CO 

a 

m 
co    • 

60  CO 
C    CD 


Ll  r* 

eel 

-H 

E= 

c 

o 

CD 

c 

a 

at 

co 

H 

3 

O  ft]     . 

0) 

O.I 

C) 

Con 

al 

on 

In 

Li  rH 

cr- 

O w 

J-  Li 
I  00  .H 
C        Ov  ffl 

o)      rt  j- 

•  *-*.p 

C\o  sm  n 

CO  C>-  CO   C 

OS  Ll    CO 

to  -h  a 

P  —  CO 
H         13    CO 

cd    •  C+> 

CO  rH  CO  -H 
CO    CO         i-t 

A       to  a) 

P   Li   C 

a  a>  co  o 

•H        i-l  +> 

CBH 
CO   O   3   O 

•    OCJ.H 

OS       c 

O  -  CO 

C-—  60 

.C  .rH  «H  O 

CO       00  Li 

CO  TJ  O  O 
L  OJrt 

-!H  csj  —  o 

•H         -H 

J2  Li  T3  O 
-P  CO  CO  M 
O  S  -P  o 
,o  E  ft  Li 
3  <  O 
CO   CO        p 

T3  -  O 

3  CO  —  Li 

H  Li  ON  Oh 

O  CD  O- 

C  ftCMi-i 

•H    CO   rH    O 

ft— 
o  to 

Li  S  C  P 
Si  O  O  CO 
,a  Li   CO  T3 

CO  S-i  ft 

60  S  TJ 
CO    O    CO 

O  Li  £  S. 
■H  CO  E-l  CO 
P  -H 

•H  CO  T3  rH 
■H-P    G.O 

0)  CO  CO  3 
>H  cq        ft 

0  C  C 
£  •  CO  3 
P    CO  T> 

CD  3  - 
Ll  -P  iJ  CO 
O-H  Li 
^•H     -CO 

CO— -rH 
CO  H  ON  rH 
CO  O  CN.  3 
60  j3  OO 
G  P  rH 
CO  — T3 
Li  TJ         C 

CO     •   CO 

C    CD    CO    C  CO 

CO  P  O  .id 

S  H  P    CO  O 

CO    CO    CO    Li  O 

iH  CO  Li 

0)     -  C  XI 

1  T3  CO  C  CO 
CO  CO  S  <  O 
OXH  Li 
K  OHTJ  3 
Li  tH  CO  C  O 
Eh    Ll  X    CO  CO 

I 


I 
CO    C 

s:  3 
p  o 

•rlS 
H 
O  P 

C    CD 
<D  3 


•a  o 

c 

CO   CO 
P 

CO    CO 

a  n 
o 

O  T3 
Ll    CO 

„  J= 
>)  CO 
Li  .rl 
P  r-l 
C  « 

3  3 
O  ft 
CO   C 

3 


J3  CO 
ft  Ll 

U    CD 

O  rH 

B  rH 
CO     3 

p  o 

CD 

e  s 
o 

<M    Ll 

O  "h 

CO 

CO  - 
CO  £ 
>>P 

CO  rH 
C     O 

CO  JS 

C  CO 
O  ^3 

T3  H 

CO  CO 

CO  J3 

CO  CO 

A  CO 


•a 


p 


c 
3 
E 
So 


CO 
CO 

n 


s 

.Tl 
CO 
CO 

!h   C  —  <h 
CO  CO  CO  o 


CO 
CD    0 
60  .C 

C  P 
CO 


O  CO 
O  CO 
Li  60 
C 
O  CO 
Li  X-H  Li 

P  O 
P  .H    CO  P 

C  S  O  c 

CO  Ll    CO 

s  t>  co  e 

CO    CO  P  CD 

rH  P    O  rH 

CO    CO    Ll  CO 

IHCc,  I 

CO    O  CO 

a  a  c  o 

CO    CO  «H    <H 
Li   CO   CO 


!  P  E* 


74 


c 
o 

■H 
♦> 

to 


CQ 

a 

! 
y 

H 

<D 

B 


•o 

0) 


03 


a) 
o 

a 

c 

o 


3 
O 

•H 

s-. 

en 


n 
F 

- 
H 

z 

g 

M 

i 
m 

c 
h 

c 
= 

0 

a 

41 
C 
j 

a 
a 
u 

s 

X 

a 
n 

-07             .03          .02             .01               3.1             .40 
1.83          .12          .017          .01               .08            .46 
2.2             .02          .013          .01               1.1             .50 
■12             .15          .024          .08               .034          .20 
.067          .50          .054          .05               .031          .52 
•34             .51          .054          .03               .03             .59 
.067          .62          .34             .02               .042          .49 
■06             .56          .42             .02               .046          .43 
-035         3.0         1.2               --               11.0          10.0 

E- 
- 

£ 

U 

u 

-J 
SB 

■ 
c 
1) 

J= 
a 
w 

a 
c 
Q 

0 

z 

0 

2               .014 
2               .022 
7               .044 

2  1.52               139 
6               7.77                 70 
4               8.9                    61 
4               8.4 

3  5.5                    21 
.0            15.0 

a 

5 

u 
a 

:*; 

01 
"3 

ft 

.041             .37          .00 
4.4            3.87          .00 
.31            6.1             .00 
.27            .044          .00 
.13            .018          .00 
2.2            1.13          .00 
.049          .012          .00 
.046          .006          .001 
.02             .06            .001 

B 
B 

E 

U 

.QUlO©g3,a3U 

«tnmcjfflia>.jo3 

CO  U 
<D  3 
OS         CD 

u      ra-H 

3  XJ  -P  T3 

O  C-P  c 
CO   (0  o  o 
PhO 
IjOCH 
C  -H  -H     - 

■h'hj:'-- 

O-H        [N. 

H  S*  'O  ON 
H  O  C  •* 
O        tO  — 

*■*    &H    (H 

<])  ON  <D  0) 
.CVO  rH  Jrf 
■P  ON  N    fc, 

g  —  a  05  • 
o  c  — 
S-i  dXOJ 
*4  O  O  C  CO 
H  W  cd  ON 
CD    >1  r-l 

•P    Cd     -£  — 

id  6-i  —  p 

•O  ON  ti  <M 
,     DO<    O 

«<   CO\        ti 

o  td^    »o 

C  -P        mB 

o  t<  cd  cs-  c 
•h  cd  s  on  cd 

•P     S     Cd  <H 

td  H  to-—  to 
H       td       t< 

•H  -  qO  Cd  CD 
P.—  td  5  H 
SONS  «H 
O  NO  tsi    3 

OCNTJ.HO 
.  »*  S£ 
td Cd    CO  T3 

C  C  -w  B  cd 
o  o  x 

CQ    O  TJ     " 

a>  »  3  tdvo 

CO  T3  ttf)  t>- 
Cd   C  -H   Cd  ON 

JJtliirt 

X       cd  — 
CO         -  c 

•H  T3  —  cd    U 

C  ONen  a) 
o  cd\o      -p 

H    _  ON     -  C 
C  -l—  3 

d'H-OI 

6-.  CQ  -P  —  a 


£1 

6H 


75 


the  range  predicted  by  trace-element  modeling  of  partial 
melting  of  tholeiitic  gabbro  (Table  11). 

But,  the  model  is  inconsistent  with  respect  to  Rb,  Sr, 
and  Ce  contents  as  they  are  predicted  by  the  partial  melting 
model  to  be  too  low  (Table  11).   The  model  cannot  account 
for  Rb  contents  greater  than  138  ppm,  Sr  contents  greater 
than  306  ppm,  or  Ce  concentrations  greater  than  126  ppm  in 
the  hornblende-rich  portion  of  the  batholith.   Fractional 
crystallisation  of  the  tholeiitic  liquid  can  produce  higher 
Ce  and  Rb  values  but  results  in  further  depletion  of  Sr  in 
the  melt.   In  addition,  partial  melting  of  tholeiitic  gabbro 
cannot  account  for  Ba  concentrations  greater  than  165  ppm  in 
the  predicted  melt.   Obviously,  Ba  concentrations  in  the  San 
Isabel  batholith  (14£0-S384  ppm)  are   much  too  high  to  be 
compatible  with  such  a  melting  model.   Partial  melting  of 
mantle-derived  tholeiitic  gabbro  is  a  reasonable  mechanism 
for  the  production  of  small  amounts  of  granitic  rock  but  is 
untenable  with  respect  to  the  formation  of  large,  granite 
batholiths  (Hyndman,  1985).   Presumably,  assimilation  of 
large  amounts  of  felsic  country  rock  by  the  evolved 
tholeiitic  liquid  is  required  to  form  granitic  intrusions  of 
batholithic  proportions  (Hyndman,  1385). 

The  abundance  of  partially  assimilated  gneissic 
xenoliths  in  some  parts  of  the  batholith  suggests  that 
limited  assimilation  of  gneissic  country  rock  could  have 
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produced  high  K,  Sr,  and  Ba  contents  in  the  San  Isabel 
batholith.   But  the  low  initial  B7sr/fl6sr  ratio  of  the  San 
Isabel  batholith  (0.7031)  argues  against  significant  mixing 
of  radiogenic  metarnorphic  country  rock  with  the  San  Isabel 
magma;  therefore,  only  limited  "reaction-melting"  and  mixing 
of  gneissic  country  rock  is  proposed.   Trace-element  contents 
for  the  gneissic  country  rock  are  taken  from  analyses  of 
xenoliths  in  the  San  Isabel  batholith  and  are    given  in  Table 
9. 

Twenty  percent  partial  melting  of  hornblende-biot ite 
gneiss  and  granite  gneiss  (average  mode:  plagioclase/K-spar/ 
quart z/biot it e/hornblende  =  . 45/. 10/. 35/. 05/. 15;  melting 
ratio  =  . 19/. 35/.  20/.  25/. 01)  produces  melts  with  high  Rb  and 
Ce  but  low  Sr  and  Eu  (Table  12).   Predicted  trace-element 
values  for  thirty  percent  assimilation  of  this  gneissic  melt 
by  the  tholeiitic  liquid  are  presented  in  Table  12.   Rb,  Sm, 
Yb,  and  Lu  concentrations  in  the  San  Isabel  batholith  are 
well  within  the  range  predicted  by  30*  assimilation  of 
gneissic  country  rock  by  tholeiitic  liquid  (Table  12).   But 
the  model  cannot  account  for  Sr  contents  greater  than  260 
ppm,  Ce  contents  greater  than  244  ppm,  or  Eu  concentrations 
greater  than  4  ppm  in  the  hornblende-rich  portion  of  the  San 
Isabel  batholith.   Fractional  crystallization  of  the  liquid 
can  produce  higher  Ce  values  but  results  in  further 
depletion  of  Sr  and  Eu  in  the  melt.   In  addition,  the  low 
initial  87sr/86sr  ratio  of  the  San  Isabel  batholith  and  the 
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highly  linear-  nature  of  the  Rb-Sr  whole  rock  isochron 
(Shuster,  1984)  argue  against  significant  mixing  of  mantle- 
derived  tholeiite  with  1.8  b.  y.  old  crustal  rock.   Mixing  of 
two  such  isotopically  diverse  magmas  would  tend  to  produce 
scatter  along  the  mixing  line  (Scambos  et  al.,  1986). 
Therefore,  partial  melting  and  fractionation  of  quart z- 
normative  tholeiite  coupled  with  "reaction-melting"  and 
mixing  of  gneissic  country  rock  to  form  the  San  Isabel  magma 
must  be  tentatively  rejected  on  these  grounds. 


dSliirja  °f  l^Z  btXt  old  Gargli  Peak*  Royal  Gorge* 
Slug  Bidggj.  and  Twin  Mountain  Granodiorites 


Partial  melting  of  rocks  similar  to  the  1.7  b.  y.  old 
Garell  Peak,  Royal  Gorge,  Blue  Ridge,  and  Twin  Mountain 
granodiorites  to  form  the  San  Isabel  batholith  is  treated 
in  this  section.   The  1.7  b.  y.  old  granodiorites  are  the 
oldest  and  most  abundant  granitoids  in  the  Wet  Mountains. 
Large  volumes  of  1.7  b.  y.  old  granodiorites  could  also  exist 
at  greater  depth  (Thomas  et  al.,  in  press).   Partial  melting 
of  these  granodiorites  to  produce  the  younger  plutons  in  the 
Wet  Mountains  may  have  occurred  during  late  Proterozoic 
times. 

Partial  melting  models  involving  plagioclase/melt  or  K- 
spar/melt  equilibria  result  in  depletion  of  Eu  and  Sr  in 
evolving  magmas  (Hanson,  1978;  Cullers  and  Graf,  1984). 
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Formation  of  granitic  rocks  with  small,  negative  Eu 
anomalies  and  moderate  Sr  contents  requires  a  source  with 
minor  residual  feldspar,  high  Sr  contents,  and  little  or  no 
Eu  anomaly  (Cullers  and  Sraf,  1984). 

Most  of  the  1.7  b.  y.  old  granodiorites  in  the  Wet 
Mountains  have  small  to  large,  negative  Eu  anomalies  (Table 
19).   Royal  Gorge,  Blue  Ridge,  Crampton  Mountain,  and  Twin 
Mountain  samples  have  Eu/Sm  ratios  ranging  from  0.06  to  0.27 
and  an  average  Eu/Sm  ratio  of  0.17  (Cullers,  1985).   Garell 
Peak  samples  have  Eu/Sm  ratios  ranging  from  0. 0£  to  0.14  and 
an  average  Eu/Sm  ratio  of  0.10  (McCabe,  1984).   There  is  at 
least  one  rock  in  the  Crampton  Mountain/Twin  Mountain  pluton 
with  little  or  no  Eu  anomaly  (Eu/Sm  =  0.27;  Cullers,  1985). 
In  addition,  charnockites  containing  abundant  modal 
plagioclase  and  hornblende,  minor  K-spar,  low  SiOg  (57. 1  to 
57.8  wgt.X),  high  f err omagnesi an  elements,  and  positive  Eu 
anomalies  (Eu/Sm  =  0.48  to  0.51)  occur  in  the  Mt.  Tyndell 
area     (Cullers,  1985).   These  charnockites  are  characterized 
by  moderate  Sr  (535  pprn)  and  low  Rb  (1.1  ppm)  and  K20  (0.86 
to  0.93  wgt.*)  concentrations  (Cullers,  1985).   Modal 
biotite  is  generally  absent  in  these  rocks. 

Sr  contents  in  the  1.7  b.  y.  old  granodiorites  tend  to 
be  low  to  moderate  and  range  from  66  to  339  ppm,  although  at 
least  one  sample  from  the  small,  foliated  granodiorite 
stocks  that  occur  in  the  Wet  Mountains  has  high  Sr  contents 
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<Table  19).   Sr  concentrations  in  these  smaller  stocks  range 

■from  34  to  381  pprn. 

Royal  Sorge  and  Blue  Ridge  samples  have  Rb/Sr  ratios 
ranging  from  0.33  to  5.  4£  and  an   average  Rb/Sr  ratio  of  £.15 

(Cullers,  1385).   Barell  Peak  samples  have  Rb/Sr  ratios 
ranging  from  0.52  to  6.11  with  an  average  Rb/Sr  ratio  of 
1.87  (McCabe,  1384)  while  samples  from  Crampton  Mountain 
have  Rb/Sr  ratios  ranging  from  0.46  to  2.48  and  an  average 
Rb/Sr  ratio  of  1.E7  (Cullers,  1385). 

Initial  87sr/86sr  ratios  for  granitic  rocks  range  from 
0.700  to  0.740  (Cox  et  al.,  1980).   Assuming  that  the  1.7 
b.  y.  old  foliated  granodiorites  have  initial  87s,-/86sr 
ratios  ranging  from  0.700  to  0.703,  and  assuming  that  no 
pre-San  Isabel  melting  event  involving  these  granodiorites 
occurred,  the  highest  Rb/Sr  ratio  these  1.7  b.  y.  old 
granitoids  can  have  and  still  be  compatible  with  the  low 
initial  87sr/B6sr  ratio  of  the  1.36  b. y.  old  San  Isabel 
batholith,  is  0.  £2.   Clearly,  the  1.7  b.  y.  old  granodiorites 
have  Rb/Sr  ratios  that  are   too  high  to  be  compatible  with 
the  low  initial  87sr/B6sr  ratio  of  the  batholith. 
Therefore,  generation  of  the  hornblende-rich  San  Isabel 
magma  by  partial  melting  of  rocks  similar  to  the  Garel 1 
Peak,  Royal  Gorge,  Blue  Ridge,  and  Twin  Mountain 
granodiorites  is  unlikely  although  rocks  with  little  or  no 
Eu  anomalies  and  high  Sr  contents  do  exist  in  the  Wet 
Mountains. 


C£ 


dgliiCfl  of  Ionalitg/Granod.ior.ite 
Idith  UiiilS  or  D°  la  Scomaly 


Partial  melting  of  tonalites  and  granodiorites  having 
little  or  no  Eu  anomalies  to  form  the  least  differentiated, 
hornblende-rich  portion  of  the  San  Isabel  batholith  is 
treated  in  this  section.   Trace-element  contents  for  the 
hypothetical  tonal ite/granodiorite  source  rock  are  taken 
from  Anderson  and  Cullers  (1978)  and  Cullers  and  Graf  (1984) 
and  are  given  in  Table  9.   Compared  to  the  1.7  b.  y.  old 
granodiorites  in  the  Wet  Mountains,  the  tonal ite/grano- 
diorite source  rock  has  higher  Sr  and  Sc  contents,  little  or 
no  Eu  anomaly,  and  lower  Rb  and  REE  contents  (Tables  13  and 
19). 

Twenty  to  thirty  percent  partial  melting  of  a  tonal ite/ 
granodiorite  with  little  or  no  Eu  anomaly  (mode:  plagio- 
clase/K-spar/quartz/biotite/hornblende/sphene  =  .48/. 11/. 15/ 
. 244/. 015/. 001 ;  melting  ratio  =  . 25/. 35/. 20/. 15/. 047/. 003) 
can  produce  melts  chemically  similar  to  the  hornblende-rich 
portion  of  the  San  Isabel  batholith  with  respect  to  all  of 
the  trace-elements  considered  except  Ce,  Eu,  Sr,  and  Sc 
(Table  13).   Predicted  Ce,  Eu,  Sr,  and  Sc  concentrations  in 
the  hypothetical  melt  are  too  low  when  compared  to  the 
hornblende-rich  portion  of  the  batholith  (Table  13).   The 
high  Ce  contents  in  the  San  Isabel  batholith  may  be 
explained  by  the  presence  of  sphene  as  a  cumulate  or  restite 
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phase.   Sphene  frequently  occurs  in  early-formed  glomero- 
crysts  associated  with  hornblende,  biotite,  and  opaque 
minerals.   Hellman  and  Green  (1979)  have  shown  that  sphene 
retains  its  refractory  nature  with  up  to  60%  partial  melting 
at  high  pressures,  therefore,  it  would  be  reasonable  to 
assume  that  some  unmelted,  residual  sphene  was  brought  up 
with  the  San  Isabel  magma. 

The  high  Eu  contents  in  the  San  Isabel  batholith  may  be 
explained  by  the  presence  of  cumulate  or  residual  plagio- 
clase,  although  petrographic  evidence  for  cumulate  or 
residual  plagioclase  is  lacking.   Alternatively,  the 
distribution  coefficient  for  Eu  partitioning  between  pla- 
gioclase and  a  mafic-rich  granitic  melt  may  be  lower  than 
that  given  in  Table  10.   P,  smaller  distribution  coefficient 
for  Eu  partitioning  between  plagioclase  and  coexisting 
liquid  would  result  in  a  more  positive  Eu  anomaly  size  in 
succeeding  melts  (Hanson,  1978). 

Predicted  values  for  Sc  in  the  hypothetical  tonalite/ 
granodiorite  melt  show  fairly  good  agreement  with  the 
hornblende-rich  portion  of  the  batholith  (Table  13). 
Partial  melting  of  a  tonal ite/granodiorite  source  with 
slightly  higher  Sc  contents  may  account  for  the  observed 
values  in  the  hornblende-rich  portion  of  the  San  Isabel 
batholith.   Alternatively,  accumulations  of  residual  horn- 
blende, biotite,  and  opaque  minerals  in  the  San  Isabel  magma 
could  also  account  for  high  Sc  contents  in  the  batholith. 
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Partial  melting  of  tonal  ites  and  granodiorites  with 
unusually  high  Sr  contents  (up  to  1500  ppm)  could  account 
for-  the  moderate  Sr  concentrations  in  the  San  Isabel 
batholith.   In  addition,  the  distribution  coefficient  for  Sr 
partitioning  between  plagioclase  and  a  mafic-rich 
monzogranite  magma  may  be  lower  than  that  given  in  Table  10. 
A  smaller  distribution  coefficient  for  Sr  partitioning 
between  plagioclase  and  coexisting  liquid  would  result  in  a 
decrease  in  depletion  of  Sr  in  succeeding  melts  (Hanson, 
1978).   The  variability  of  Sr  in  elemental  variation 
diagrams  suggests  that  mobilization  of  Sr  may  have  taken 
place  as  a  result  of  deuteric  alteration,  assimilation, 
metasomatism,  or  weathering  of  the  San  Isabel  batholith 
although  the  linear  nature  of  the  Rb-Sr  whole  rock  isochron 
(Shuster,  1984)  and  the  general  agreement  between  Rb-Sr  and 
U-Pb  ages  (Shuster,  1984;  Thomas  et  al.,  in  press)  argues 
against  significant  movement  of  Sr.   Slight  mobilization  of 
Sr  could  have  produced  higher  Sr  concentrations  in  the 
batholith.   The  presence  of  cumulate  or  residual  plagioclase 
in  the  San  Isabel  magma  could  also  account  for  samples  with 
high  Sr  contents,  but  accumulations  of  plagioclase  tend  to 
be  uncommon  in  the  San  Isabel  batholith. 

Alternatively,  a  pre-San  Isabel  melting  event  involving 
the  tonal  it e/granodiorite  source  rocks  could  produce  a 
residuum  enriched  in  Sr.   This  pre-San  Isabel  melting  event 
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would  also  produce  a  positive  Eu  anomaly  in  the  residuum  and 
would  give  higher  Sc  concentrations.   Indeed,  the  chai — 
nockites  from  the  Mt.  Tyndell  area    may  represent  unmelt— 
ed  residuum  left  over  from  such  a  melting  event.   Subsequent 
partial  melting  of  this  residuum  could  produce  liquids  with 
moderate  Sr  and  Sc  contents  and  small,  negative  Eu 
anomalies. 

Thirty  percent  partial  melting  of  a  tonal  it e/grano- 
diorite  with  little  or  no  Eu  anomaly  (modes  plagioclase/K- 
spar/quartz/biotite/hornblende/sphene  =  . 43/. 17/. 189/. £0/ 
.0103/.OO07;  melting  ratio  =  .  30/.  30/.  30/.  10/0/0)  can 
produce  a  residuum  enriched  in  Sr  and  Sc  with  a  positive  Eu 
anomaly  (Table  14).   Twenty  to  thirty  percent  partial 
melting  of  this  residuum  (modes  plagioclase/K-spar/quartz/ 
biotite/hornblende/sphene  =  . 48/. 1 1/. 15/. £44/. 015/. 001 ; 
melting  ratio  =  .  £5/.  35/. 20/.  15/. 047/. 003)  can  produce  melts 
chemically  similar  to  the  hornblende-rich  portion  of  the  San 
Isabel  batholith  with  respect  to  all  of  the  trace-elements 
considered  except  the  REE  (Table  14).   The  high  REE  contents 
in  the  San  Isabel  batholith  may  be  explained  by  the  presence 
of  sphene  as  a  cumulate  or  residual  phase.   The  occurrence 
of  sphene  as  residual,  unmelted  material  or  as  early-formed 
cumulate  in  the  San  Isabel  magma  is  supported  by  petro- 
graphic  evidence  and  experimental  results  (Hellman  and 
Green,  1979).   Mixing  of  4  percent  residual  sphene  with  the 
liquid  derived  from  partial  melting  of  the  residuum  can 
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produce  melts  chemically  similar  to  the  hornblende-rich 
portion  of  the  batholith  with  respect  to  all  of  the  trace- 
elements  considered  (Table  14) . 

Thomas  et  al.  (in  press)  suggested  that  most  of  the 
mid-continent  of  the  United  States  may  consist  of  older 
(possibly  1.7  b.  y.  old)  crust  beneath  the  veneer  of  1.35  to 
1.4  b.  y.  old  silicic  volcanic  and  plutonic  rocks.   The  1.7 
b. y.  old  Barell  Peak,  Royal  Gorge,  Blue  Ridge,  and  Twin 
Mountain  granodiorites  may  represent  an  exposed  portion  of 
this  older  crust.   It  would  not  be  unreasonable  to  assume 
that  tonal ites  and  granodiorites  similar  to  these  in  age, 
but  having  little  or  no  Eu  anomalies,  higher  Sr  and  Sc,  and 
lower  Rb,  exist  at  greater  depth.   Therefore,  a  tentative 
age  of  1.7  b. y.  for  these  rocks  is  proposed. 

Magmas  derived  from  sources  characterized  by  low  Rb/Sr 
ratios  have  correspondingly  low  initial  B7sr/86sr  ratios, 
therefore,  the  low  initial  87sr/86sr  ratio  of  the  1.36  b.  y. 
old  San  Isabel  batholith  suggests  that  the  source  rock  that 
melted  to  form  the  batholith  was  (1)  mantle-derived  or  (£> 
characterized  by  a  short  residence  time  in  the  lower  crust. 
Initial  87sr/86gr  ratios  for  granitic  rocks  range  from  0.700 
to  0.740  (Cox  et  al.,  1980).   assuming  that  the  1.7  b.  y.  old 
tonalite/granodiorite  source  rocks  have  initial  87sr/8&Sr 
ratios  ranging  from  O. 700  to  0.703,  and  assuming  that  no 
pre-Sar,  Isabel  melting  event  occurred,  the  highest  Rb/Sr 
ratio  these  1.7  b.  y.  old  granitoids  can  have  and  still  be 
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compatible  with  the  low  initial  87sr/86sr  ratio  of  the  San 
Isabel  batholith,  is  0.22.   The  extremely  low,  assumed 
initial  87sr-/86st-  ratio  for  the  tonal  ite/granodior  ite  source 
rock  (0.700  to  0.703)  is  consistent  with  a  deep-seated, 
mantle-derived  tonalite  or  granodiorite  formed  during  the 
1.7  to  1.9  b.  y.  old  crust-forming  event  described  by  Nelson 
and  DePaolo  (1385),  but  a  pre-San  Isabel  melting  event 
involving  these  tonalites  and  granodiorites  allows  for 
higher,  more  reasonable  initial  87sr/86sr  ratios  for  the 
source  rocks.   P,  pre-San  Isabel  melting  event  in  which 
selective  melting  of  K-rich  phases  occurs,  would  produce  a 
lower  initial  87sr''86si-  ratio  in  the  residuum  (Cox  et  al., 
1980).   Subsequent  partial  melting  of  the  residuum  may 
result  in  lower  initial  87sr/86sr  ratios  in  the  melt  than 
would  be  produced  if  no  previous  melting  event  had  occurred. 
Therefore,  a  pre-San  Isabel  melting  event  allows  for  initial 
87sr''86sr  ratios  greater  than  0.700  to  0.703  for  the  1.7 
b. y.  old  tonalites  and  granodiorite  source  rocks. 

Formation  of  tonalites  or  granodiorites  with  little  or 
no  Eu  anomaly  may  result  from  partial  melting  of  a  mafic 
granulite  (Condie  and  Harrison,  1976;  Blickson,  1978; 
Simmons  and  Hedge,  1978;  Barker  and  Millard,  1979;  Cullers 
and  Graf,  1984).   Therefore,  the  following  model  for  the 
formation  of  the  hornblende-rich  portion  of  the  San  Isabel 
batholith  is  proposed: 


(1)  Continental  crust  is  formed  from  the  mantle  1.7  to 
1.9  b.  y.  ago  during  a  relatively  short  period  of 
time  (Nelson  and  DePaolo,  1985).   Formation  of  a 
tonal ite/granodiorite  with  little  or  no  Eu  anomaly, 
high  Sr  and  Sc,  and  low  Rb  contents  by  partial 
melting  of  a  mafic  granulite  occurs  approximately 
1.7  b.  y.  ago. 

(2)  The  tonal ite/granodiorite  undergoes  a  pre— San 
Isabel  melting  event  in  which  preferential  melting 
°f  K-rich  phases  occurs  leaving  a  residuum  with  a 
positive  Eu  anomaly  that  is  depleted  in  Rb  and 
enriched  in  Sr  and  Sc. 

(3)  Twenty  to  thirty  percent  partial  melting  of  this 
tonal ite/granodiorite  residuum  coupled  with  pro- 
gressive separation  of  minor  residual  sphene  occurs 
1.36  b.  y.  ago  to  form  the  least  differentiated, 
hornblende-rich  portion  of  the  San  Isabel  batho- 
lith. 


Formation  of  the  Hornblende-Poor 
Facies  of  the  San  Isabel  Batholith 


Fractional  crystallization  processes  are    important 
mechanisms  for  producing  compositional  changes  in  magmas 
(e.g.  Presnall  and  Bateman,  1973;  Bateman  and  Nockleberg, 
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1378;  Cox  et  al.,  1980;  Cullers  and  Graf,  1984).   Formation 
of  the  hornblende-poor  portion  of  the  San  Isabel  batholith 
by  fractional  crystallization  of  hornblende— rich  magma  is 
suggested  by  the  following  observations: 

(1)  Hornblende-poor  samples  consistently  plot  at  the 
differentiated  end  of  trends  in  elemental  variation 
di  agrams. 

(2)  Hornblende— poor  samples  tend  to  have  the  largest 
negative  Eu  anomalies,  the  highest  Rb/Sr  ratios, 
and  the  highest  Th  and  REE  contents. 

In  a  simple  S-stage  fractionation  model,  five  to  thirty 
percent  fractional  crystallization  of  the  hornblende-rich 
portion  of  the  San  Isabel  magma  (proportion  of  phases 
crystallized:  plagioclase/K-spar/quart z/biot ite/hornblende  = 
. 25/. 30/. 25/.  14/.  06)  followed  by  five  to  twenty  percent 
crystallization  of  plagioclase/K-spar/quartz/biot ite  in  the 
ratio  . 25/.  35/.  25/.  15  can  account  for  all  trace-element 
ranges  in  the  hornblende-poor  portion  of  the  batholith  with 
the  possible  exception  of  Sr  (Table  15).   The  model  fails  to 
account  for  hornblende-poor  samples  with  Sr  contents  greater 
than  507  ppm.   Alteration  of  hornblende-rich  samples  in 
which  hornblende  completely  alters  to  epidote  may  account 
for  these  "hornblende-poor"  samples  with  high  Sr  contents, 
although  the  isotopic  data  argue  against  significant 
mobilization  of  Sr  in  the  San  Isabel  batholith. 

Simple  fractionation  of  hornblende-rich  magma  to  form 
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the  hornblende-poor  portion  of  the  batholith  is  thus 
consistent  with  the  observed  trace-element  changes  in  the 
suite  (Table  15)  but  fails  to  explain  the  uneven 
distribution  of  mafic  minerals  in  the  batholith  (Figures  6 
and  7).   Segregations  of  mafic  minerals  in  the  form  of 
glomerocrysts  occur  throughout  the  San  Isabel  batholith. 
These  mafic  accumulations  may  represent  unmelted  residual 
source  material  or  crystallized  segregations  brought  up  with 
the  magma.   In  addition,  linear  variation  diagrams  (Figures 
12,  13,  17,  18,  £3,  24,  and  £5)  suggest  that  fractional 
crystallization  played  a  minor  role  in  the  evolution  of 
hornblende-poor  magma.   For  example,  a  fractionation  model 
involving  plagioclase/melt  equilibria  cannot  readily  explain 
linear  trends  on  a  CaO  vs.  FeO  diagram  (Figure  £5)  because 
the  CaO  content  of  plagioclase  systematically  decreases  as 
fractionation  proceeds  and  a  curved  trend  is  produced 
(Presnall  and  Bateman,  1973;  Price,  1983).   Linear  variation 
diagrams  have  been  attributed  to  a  variety  of  processes 
involving  magma  mixing  (McBirney,  1980;  Reid  et  al.  ,  1983; 
Eichelberger,  1975),  mixing  of  cumulate  plus  remaining 
liquid  (McCarthy  and  Robb,  1978),  and  restite/melt 
separation  (Chappell,  1966;  White  and  Chappell,  1977;  Price, 
1983;  Scambos  et  al.,  1986).   Segregations  of  mafic 
glomerocrysts  and  clots  throughout  the  batholith  suggest 
that  the  compositional  range  of  the  San  Isabel  batholith 
could  result  from  mixing  variable  amounts  of  cumulate  mafic 
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Figure  23:   Elemental  variation  diagram  of  the 

San  Isabel  batholith  based  on  miner- 
alogy; Ce  vs.  Yo. 
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Figure  24-i  Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 
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alogy;  TiO,  vs.  ?e20  and  TiO  vs.  CaO. 


r  •  .80 
a  >  .0001 


"V 


0  13  3 


a 
I 


TiO, 


5  S  7  9  9         10         II 


Fe203 


A    Hornblende-poor 

n    Intermediate 
*  Hornblende-rich 


a  ■   .0001 


CaO 

(wgt.%) 


Figure  25 >     Elemental  variation  diagrams  of  the 
San  Isabel  batholith  based  on  miner- 
alogy; CaO  vs.  FeO  and  MgO  vs.  Fe20,. 
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material  with  remaining  liquid.   find  yet,  the  importance  of 
crystal— 1 i quid  fractionation  processes  in  magma  evolution 
suggests  that  minor  fractionation  of  hornblende— rich  magma 
must  have  occurred  to  help  form  the  hornblende-poor  portion 
of  the  San  Isabel  batholith. 

Trace— element  contents  and  modal  mineralogy  of  the 
hornblende-rich  portion  of  the  San  Isabel  monzogranite  can 
be  approximated  by  mixing  ten  to  twenty  percent  cumulate 
mafic  minerals  (composed  of  60-64%  biotite,  30-35%  horn- 
blende, and  1-10%  sphene)  with  a  slightly  fractionated  (up 
to  5%)  liquid  (Table  16).   One  to  five  percent  cumulate 
mafic  minerals  plus  10-25%  fractional  crystallization  of 
plagioclase/K-spar/quartz/biot ite  in  the  ratio  .25/. 35/. £5/ 
.15  from  the  remaining  liquid  can  account  for  all  trace- 
element  concentrations  in  the  hornblende— poor  portion  of  the 
batholith  (Table  16).   Cumulate  mineralogy  is  based  on 
petrographic  analyses  of  mafic  glomerocrysts  in  the  San 
Isabel  monzogranite.   Trace-element  contents  of  minerals 
used  in  the  cumulate/melt  mixing  model  are  determined  from 
analyses  of  mineral  separates  from  a  hornblende-rich  sample 
(Table  6). 

Therefore,  mixing  of  cumulate  mafic  material  with 
remaining  liquid  combined  with  fractionation  of  the  liquid 
appears  to  be  responsible  for  the  range  of  composition  of 
the  San  Isabel  monzogranite.   The  overlap  in  majoi — element 
contents  between  hornblende-poor  and  hornblende-rich  samples 
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may  be  a  result  of  alteration  of  hornblende  to  epidote, 
producing  "hornblende-poor"  samples  that  plot  in  the 
undifferentiated,  hornblende-rich  portion  of  rnajoi — element 
trends.   The  hornblende-rich  facies  represents  the  more 
primitive  liquid  in  which  10-20%  cumulate  mafic  minerals  are 
present  as  glomerocrysts  and  mafic  clots.   Mixing  of  10-20* 
cumulate  mafic  minerals  with  the  remaining,  slightly 
fractionated  liquid  is  consistent  with  trace-element 
contents  (Table  16)  and  modal  mineralogy  of  the  hornblende- 
rich  portion  of  the  batholith.   The  hornblende-poor  facies 
represents  a  slightly  more  evolved  liquid  in  which  denser 
cumulate  material  has  sunk  into  lower  parts  of  the  chamber 
leaving  1-5*  cumulate  minerals  plus  a  fractionated  liquid. 
Mixing  of  1-5%  cumulate  mafic  minerals  with  the  remaining 
fractionated  liquid  (10-25%  fractional  crystallization  of 
plagioclase/K-spar/quartz/biot ite  in  the  ratio  .25/. 35/. 25/ 
. 15)  is  consistent  with  trace-element  contents  (Table  16) 
and  modal  mineralogy  of  the  hornblende-poor  portion  of  the 
San  Isabel  batholith. 
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TECTONIC  SETT INS 

Classification  of  granitoid  rocks  into  S-type,  I-type, 
and  A-type  granites  is  based  on  source  rock  and  tectonic 
setting  (Ishahara,  1977;  White  and  Chappell,  1977;  Hine  et 
al.,  1978;  Taylor,  1980;  Collins  et  ml.,     1982;  Didier  et 
al.,  1982;  White  and  Chappell,  1983).   A  comparison  of  I- 
type,  S-type,  and  A-type  granites  is  given  in  Table  17.   I- 
type  granites  are    derived  from  a  metaigneous  source  while 
S-type  granites  form  from  melting  of  a  metapel it ic  source. 
I-type  granites  are    formed  in  erogenic  settings  while  A-type 
granites  are   anorogenic  in  origin  and  are   associated  with 
tensional  tectonic  environments. 

The  San  Isabel  batholith  possesses  several  features 
that  are  characteristic  of  both  0-  and  I-type  granites 
(Table  18).   I-type  characteristics  include  low  Si0£,  high 
CaO,  MgO,  and  TiDg,  and  met a luminous  nature.   In  addition, 
the  San  Isabel  batholith  contains  modal  hornblende,  sphene, 
and  pyrite  and  abundant  mafic-rich  xenoliths.   Although 
anhydrous  magmatic  conditions  are    suggested  by  the  presence 
Of  late,  interstitial  biotite  and  occasional  fluorite,  the 
abundance  of  pegmatites  throughout  the  batholith  is  evidence 
for  an  H£0-sat urated  magma. 

A-type  granites  are   alkaline,  anorogenic,  and  anhydrous 
in  nature.   The  average  Si0£  content  of  Proterozoic  A-type 
granites  based  on  analyses  compiled  by  Anderson  (1983)  is 


Table   1?:      Comparison  of  A,    I,    and   S-type  granites* 


A- type 

I -type 

S-type 

abundant  K-spar, 

oligoclase-andesine , 

cordierite,  garnet , 

K-apar  megacrystlc , 

biotlte  and  sphene  common. 

biotlte  common; 

K-spar  usually  pert  hit ic, 

hornblende  common  in  more 

muscovlte  in  felslc 

interstitial  mafics. 

mafic  rocks. 

varieties. 

blotite  crystallizes  lace 

may  have  pyroxene,  epldote. 

silllmanlte  inclu- 

and occasionally  contains 

and  allanlte. 

sions  may  be  present. 

thin  strips  of  fluorlte. 

opaques:  magnetite  ±  ilmenite 

accessory  monazlte. 

microscopic  '.near growths 

t  pyrite. 

feldspar  is  commonly 

between  feldspars  are  very 

muscovlte  rare. 

white. 

common. 

accessory  apatite  in  minute 

opaques;  ilmenite  i 

accessory  apatite 

inclusions 

pyrrhotlte  t   graphite, 
no  hornblende, 
apatite  in  sparse 
grains 

Na  0  *  K  0  high  (higher 

Na  0  greater  than  3.2X, 
weakly  peraluminous-metalum- 

Na  0  less  than  3.2X, 

peraluminous  (Shand 

than  I-type) , 

net aluminous -per aluminous- 

inous  (Shand  Index  less  than 

Index  greater  than 

some  per alkaline . 

i.l), 

L.5). 

high  FeO/FeO+MgO, 

low  FeO/FeO+MgO, 

CaO  less  than  3.7X  at 

high  Ga/Al, 

high  TiO, , 

high  MgO  and  CaO, 

66X  S10,. 

high  Nb.Ta.Zr.Y.  and  REE's, 

S10,:  65-76X. 

Zr:  greater  than  ISO 

high  F  in  met aluminous- 

(CaO  greater  than  3.7X  at 

peraluminous  varieties. 

66X  SiO  ). 

SIO  :  13w  (53-76t), 

high  Co.Sc.Cr,  and  Nl, 

ppm, 

nigh  CI  in  peralfcaline 

alumina  oversaturated. 

roc  s s , 

normative  corundum 

S10,:  generally  high 

Zr:  less  than  ISO  ppm. 

greater  than  IX 

(commonly  near  771!), 

biotlte  has  low  Fa/Mg, 

Low  CaO  and  MgO, 

normative  corundum  less  than 

low  Co.Sc.Cr,  and  Si, 

IX 

Zr;  300-340  ppm. 

biotlte  has  high  Fe/Mg 

anorogenic 

orogenic 

orogenic  or  anorogenic 

anhydrous  melt. 

hydrous  melt , 

hydrous  melt , 

few  pegmatites. 

pegmatites  common. 

pegmatites  common. 

xenollths  uncommon. 

xenollths  are  hornblende  and 

xenollths  of  shale  and 

usually  not  associated  in 

mafic  rich. 

sandstone  common. 

space  and  time  with  inter- 

usually associated  in  space 

association  with 

mediate  rocks 

and  time  with  intermediate 

intermediate  rocks 

rocks 

varies  depending  on 
tectonic  setting 

initial  87Sr/86c   :  .703- 
.712,          5c 

initial  87Sr/86_   less  than 
.706,          ir 

initial  87Sr/86 

greater  than    r 

low-moderate  0,  fugacity 

higher  0  fugacity  than  S-type 

.708, 

low  0,  fugacity  due  to 

interaction  with  C- 

bearlng  pelltlc  rocks 

*  Compiled  from  the  following  sources:  Ishahara  (1977), 
White  and  Chappell  (1977),  Hine  et  al.  (1978),  Taylor 
(1980),  Collins  et  al.  (1982),  and  White  and  Chappell 
(1983). 


Table  18:  Compilation  of  A-type  and  I-type 
characteristics  of  the  San  Isabel 
monzogranite. 


A-type  characteristics 

I-type  characteristics 

Na  0  +  K  0  high 

weakly  peraluminous- 

high  FeO/FeO  +  MgO 

metaluminous 

high  REE's 

high  CaO  and  MgO 

abundant  K-spar,  K-spar 

high  TIO 

megacrystic 

low  SiO 

K-spar  perthitic 

sphene  and  hornblende 

interstitial  mafics, 

common 

late-stage  biotite 

allanite  present  as  an 

occasional  fluorite, 

accessory 

F  enriched  melt 

high  mafics 

contemporaneous  emplace- 

pyrite present 

ment  with  other 
anorogenic  intrusives 

xenoliths  are  hornbl . 
and  mafic-rich 

pegmatites  locally 

abundant 

71.67  weight  percent.   Overage  TiOe,  FeO,  MgO,  CaO,  and  KgO 
contents  are   0. 41,  3.84,  0.54,  1.40,  and  4.92  percent  by 
weight,  respectively.   Overage  Ba,  Rb,  and  Sr  concentrations 
in  these  Proterozoic  anorogenic  granites  are    842,  197,  and 
135  ppm,  respectively.   The  average  FeO/ (FeO+MgO)  ratio  is 
0.  85. 

Compared  to  average  analyses  of  Proterozoic  anorogenic 
granites  compiled  by  Anderson  (1983),  the  San  Isabel 
monzogranite  contains  lower  Si0£  and  higher  Ti0£,  FeO,  MgO, 
CaO,  Ba,  and  Sr  contents  (Tables  7  and  8).   The  San  Isabel 
batholith  is  similar  to  these  anorogenic  granites  with 
respect  to  KgO  contents  (Table  7)  and  FeO/ (FeO+MgO)  ratios 
(Figures  15  and  33).   In  addition,  the  San  Isabel  batholith 
has  high  REE  contents  similar  to  recognized  Proterozoic 
anorogenic  granites  (Figure  27). 

Classification  of  granitoid  rocks  into  S-type,  I-type, 
and  0— type  granites  does  not  always  result  in  a  clear-cut 
interpretation  of  tectonic  setting  (Pearce  et  al.  ,  1984). 
Pearce  et  al.  (1984)  subdivided  granites  according  to  their 
tectonic  settings  into  four  main  groups:   (1)  ocean  ridge 
granites  (0R6)  ,  (2)  volcanic  arc  granites  (VOG) ,   (3)  within- 
plate  granites  (WPG),  and  (4)  collision  granites  (syn-COLG)  . 
The  Rb  vs.  Yb+Ta  discrimination  diagram  for  these  tectonic 
settings  is  presented  in  Figure  28.   Samples  from  the  San 
Isabel  batholith  consistently  plot  in  the  WPG  field. 


Figure  27 1   Comparison  of  rare-earth  element  (REE) 
ranges  of  San  Isabel  batholith  and 
selected  Proterozoio  anorogenic 
granitoids . 

Rare-earth  element  ranges 
for  the  San  Isabel  Batho- 
lith. 


Rare-earth  element  ranges 
for  selected  Proterozoic 
anorogenic  granitoids: 
(Pikes  Peak  Biotite  Gran- 
ite, Wolf  River  Batholith, 
Red  Willow  Batholith,  Mon- 
tello  Biotite  Granite,  St. 
Francois  Butler  Hill  Cal- 
dera,  Montello  2-mica 
Granite). 
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Figure  28:  Rb  vs.  To   +  Ta  discriminant  diagram  for 
syn-oollision  (syn-COLG) ,  volcanic  arc 
(VAG),  within-plate  (WPG),  and  normal 
and  anomalous  ocean  ridge  (ORG)  granites. 
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Within-plate  granites  (WPG)  are   analagous  to  B-type  granites 
in  most  respects. 

Harris  et  al.  (in  press)  recognized  four  groups  of 
intrusions  associated  with  various  stages  of  collision 
magmat ism.   Pre— col  1 ision  calc-al kal ine  volcanic  arc 
intrusions  (Vfi)  are  characterized  by  selective  LILE 
enrichment.   Syn-col 1 ision  peraluminous  leucogranites  (Group 
II)  have  S-type  affinities  and  are    generally  enriched  in  Rb 
and  Ta.   Late  or  post-collision  calc-al kal ine  intrusions 
(Group  III)  are  distinguished  from  volcanic  arc  intrusions 
by  higher  Ta  contents.   Post-collision  alkaline  intrusions 
(WP)  are  analagous  to  fl-type  granites  and  are   characterized 
by  high  LILE  and  Zr  contents.   The  Rb/30  -  Hf  -  Ta  x  3 
ternary  diagram  for  discrimination  of  these  tectonic 
settings  is  presented  in  Figure  E9.   Samples  from  the  San 
Isabel  batholith  plot  in  two  fields  -  the  WP  and  VR  fields. 
With  respect  to  tectonic  setting  during  emplacement,  it 
seems  that  the  San  Isabel  batholith  possesses  both  orogenic 
and  anorogenic  characteristics. 

The  late  Proterozoic  of  North  fimerica  is  characterized 
by  "abundant  anorogenic  magmat ic  activity"  resulting  in  the 
emplacement  of  a  variety  of  rock  types  including 
anorthosites,  layered  gabbros,  charnockites,  rapakivi 
granites,  and  bimodal  basalt-rhyol ite  suites  (Anderson, 
1983).   This  generation  of  magma  under  anorogenic  conditions 
has  been  considered  a  result  of  tensional  forces  due  to 
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Figure   29:     Rb/30  -  Hf  -  Ta  x  3  triangular  plot  for 
Group  II,   Group  III,   volcanic  arc,   and 
wi thin-plate  granitic  rocks. 


GROUP   II    :    syneollislon  peraluminous 

GROUP  III    :   late  or  post-collision  (calc-alkaline) 

WP   :   withln-plate 

VA  :   volcanic  arc 


incipient  rifting  of  the  continent  (Silver  et  al. ,  1977; 
Emslie,  1976;  Loiselle  and  Wones,  1979;  Anderson,  1983). 
Anorogenic  rnagmatic  activity  during  the  period  1.35-1.4  b.  y. 
ago  may  be  responsible  for  the  production  of  large  volumes 
of  rhyolitic  ash  flow  tuff  and  unfoliated,  epizonal  granitic 
intrusions  that  comprise  the  basement  rocks  of  the  mid- 
continent  of  the  United  States.   The  San  Isabel  batholith  is 
coeval  with  this  silicic  terrane  (Thomas  et  al.,  in  press) 
and    probably  represents  a  deepei — seated  manifestation  of 
this  anorogenic  rnagmatic  activity.   Partial  melting  of  an 
igneous  rock  (tonal ite/granodiorite  residuum  with  little  or 
no  Eu  anomaly)  as  a  result  of  this  anorogenic  rnagmatic 
activity  1.35-1.4  b.  y.  ago  may  be  responsible  for  formation 
of  the  San  Isabel  batholith.   Therefore,  the  San  Isabel 
monzogranite  appears  to  be  art    fi-type  granite  with  I-type 
af f init  ies. 


S  U  M  M  P,  R  Y 

The  1.36  b.  y.  old  San  Isabel  batholith  is  a  weakly 
foliated  monzogranite  that  intrudes  the  rnetamorphic  rocks  of 
the  southern  Wet  Mountain  massif.   Other  intrusions  in  the 
northern  Wet  Mountains  consist  of  older  1.67-1.7  b.  y.  old 
foliated  granodiorites  and  1.44  and  1.47  b.  y.  old  unfoliated 
rnonzogranites.   Wet  Mountain  plutons  may  be  ancestrally 
related  if  they  have  a  common  mantle-derivation  age  of  1.8  +• 
0.1  b.  y.  similar  to  other  plutons  in  the  Rocky  Mountains 
(Nelson  and  DePaolo,  1985).   In  addition,  most  granitic 
plutons  in  the  Wet  Mountains  are    too  Fe-rich  to  be  calc- 
alkaline  and  are    subalkalic  to  alkalic.   The  San  Isabel 
batholith  differs  from  most  of  these  plutons  since  it 
possesses  high  FeO,  CaO,  MgO,  TiOs,  and  Sr  contents  compared 
to  most  Wet  Mountain  granitoids.   In  addition,  the  San 
Isabel  monzogranite  is  the  most  metaluminous  granitic  pluton 
in  the  Wet  Mountains.   The  porphyritic  facies  of  the  1.44 
b. y.  old  Oak  Creek  monzogranite  to  granodiorite  is  the  most 
similar  pluton  in  the  Wet  Mountains  to  the  San  Isabel 
batholith. 

The  San  Isabel  batholith  is  characterized  by  low  SiO£, 
moderate  Sr,  high  FeO,  TiO£,  KaO,  MnO,  Ba,  Sc,  REE,  FeO/ 
(FeO+MgO),  and  Nas0+K£0,  and  small,  negative  Eu  anomalies. 
Melting  of  mafic  granulite  1.7  to  1.9  b.  y.  ago  during 
the  "crust-formation  event"  described  by  Nelson  and  DePaolo 


(1385)  may  have  produced  tonalites  and  granodiorit es  with 
little  or  no  Eu  anomalies,  low  Rb,  and  high  Sr,  Sc,  and  REE 
contents  that  were  emplaced  approximately  1.7  b. y.  ago. 
Assuming  that  these  1.7  b.  y.  old,  mantle-derived  tonal ites 
and  granodiorites  have  initial  B7sr/66sr  ratios  ranging  from 
0.700  to  0.703,  and  assuming  that  no  pre-San  Isabel  melting 
event  involving  these  rocks  occurred,  the  highest  Rb/Sr 
ratio  these  1.7  b.  y.  old  granitoids  can  have  and  still  be 
compatible  with  the  initial  87sr/86sr  ratio  of  the  San 
Isabel  batholith,  is  0.22.   ft  pre-San  Isabel  melting  event 
allows  for  higher,  more  reasonable  initial  87sr/B6sr  ratios 
and  Rb/Sr  ratios  in  the  tonal ite/granodiorite  source  rocks. 
In  addition,  the  residuum  remaining  from  a  pre-San  Isabel 
melting  event  will  be  enriched  in  Sr  and  Sc  and  have 
positive  Eu  anomalies.   Subsequent  partial  melting  of  the 
residuum  may  have  occurred  concurrently  with  formation  of 
the  vast  1.35-1.4  b.  y.  old  rhyolitic  ash  flow  tuff  and 
epizonal  granite  terrane  described  by  Thomas  et  al.   (in 
press)  and  resulted  in  formation  of  the  1.36  b. y.  old  San 
Isabel  batholith. 

Twenty  to  thirty  percent  partial  melting  of  a  tonalite/ 
granodiorite  residuum  with  positive  Eu  anomalies,  high  Sr 
and  Sc,  and  low  Rb  contents  can  produce  melts  chemically 
similar  to  the  hornblende-rich  portion  of  the  San  Isabel 
batholith  with  respect  to  Rb,  Sr,  and  Sc.   Partial  melting 
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of  this  residuum  combined  with  limited  separation  of  minor 
residual  sphene  could  also  account  for  the  high  REE  contents 
in  the  San  Isabel  batholith.   Limited  mixing  of  partially 
assimilated  hornblende-biot ite  gneiss  and  granite  gneiss 
xenoliths  with  the  San  Isabel  magma  may  have  also  occurred. 
The  temperature  of  the  magma  during  emplacement  was 
approximately  725' C  (Murray,  1970)  and  the  pressure  5-7  Kb. 
HgO  content  of  the  San  Isabel  magma,  deduced  from 
crystallization  sequences,  was  1.2-1.5  percent. 

The  principal  factors  affecting  the  range  of 
composition  in  the  San  Isabel  monzogranite  are:     (1)  the 
presence  or  absence  of  hornblende  and  (2)  the  relative 
abundance  of  cumulate  mafic  material  in  the  form  of 
clusters,  clots,  and  glomerocrysts.   Mixing  of  cumulate 
mafic  material  with  slightly  fractionated  liquid  to  form  the 
compositional  range  in  the  San  Isabel  monzogranite  is 
consistent  with  trace-element  contents,  field  relations,  and 
petrography.   The  hornblende-rich  facies  of  the  batholith 
represents  the  more  primitive  liquid  in  which  10-20% 
cumulate  mafic  minerals  are   mixed  with  slightly  fractionated 
liquid.   The  hornblende-poor  facies  represents  a  slightly 
more  evolved  liquid  in  which  denser  cumulate  material  has 
sunk  into  lower  parts  of  the  chamber  leaving  1-5%  cumulate 
mafic  minerals  plus  a  fractionated  liquid.   Dne  to  five 
percent  mafic  cumulate  plus  10-25%  fractional 
crystallization  of  plagioclase/K-spar/quartz/biot ite  in  the 


ratio  . £5/. 35/. 25/. 15  from  the  remaining  liquid  can  produce 
the  hornblende-poor  facies  of  the  San  Isabel  batholith. 

Tectonic  setting  at  the  time  of  emplacement  of  the  San 
Isabel  batholith  is  ambiguous  but  appears  to  have  been 
anorogenic  (Silver  et  al.,  1977;  Anderson,  1983).   The  San 
Isabel  batholith  is  coeval  with  the  vast  silicic  volcanic 
and  epizonal  granite  terrane  described  by  Thomas  et  al.  (in 
press).   The  abundance  of  rhyolitic  ash  flow  tuff  and 
unfoliated,  epizonal  granites  and  the  lack  of  intermediate 
rocks  (i.e.  andesites)  suggests  that  this  rnagmatic  event 
was  anorogenic.   Therefore,  the  San  Isabel  batholith  appears 
to  be  an  fi-type  granite  with  I-type  affinities.   Partial 
melting  of  tonal ites  or  granodiorites  under  anorogenic 
conditions  could  produce  such  a  rock. 
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APPENDIX    A:     Ti-ace-element    modeling    equations 


The  application  of  trace— elements  to  the  origin  and 
chemical  evolution  of  the  San  Isabel  batholith  is  an 
important  part  of  this  study.   The  development  of  a 
quantitative  model  to  explain  the  range  of  chemical 
variation  in  the  batholith  must  be  consistent  with  majoi — 
and  trace— element  data,  isotopic  data,  petrographic 
observations,  field  relationships,  and  results  of 
experimental  petrology  (Haskin,  1984).   Quantitative  models 
involving  the  use  of  t r ace— e 1 ement s  to  help  explain  the 
petrogenesis  of  granitic  melts  are  based  on  the  distribution 
coefficients  of  the  elements  (Shaw,  1970;  Hanson,  1978). 
The  distribution  coefficient  <D. C. >  is  defined  as  the  ratio 
of  the  concentration  of  a  given  element  in  a  solid  phase 
relative  to  its  concentration  in  a  coexisting  liquid. 
Distribution  coefficients  are  dependent  on  many  factors  and 
are  used  with  the  assumption  that  solid  and  melt  are    in 
equilibrium  (Hanson,  1978).   Quantitative  trace-element 
modeling  has  been  used  with  success  in  many  petrogenetic 
studies  but  several  constraints  and  assumptions  exist: 

(1)  Distribution  coefficients  are  approximate  and  are 
a    function  of  the  following  parameters  (Shaw,  1970; 
Hanson,  1978;  Haskin,  1984) : 

a)  temperature 

b)  pressure 

c)  alkalinity 


d)  Si Og  content 

e)  oxygen  fugacity 

f)  presence  of  halogens 

(2)  Source  rocks  are    usually  hypothetical,  therefore 
modal  mineralogy  must  be  estimated. 

(3)  Trace— element  concentrations  in  source  rocks  must 
be  approximated  by  utilization  of  published  data 
on  compositional ly  similar  rocks. 

(4)  The  proportion  of  each  phase  in  the  melt  must  be 
assumed  (i.e.  modal  versus  non-modal  melting). 

<5)  The  physical  processes  responsible  for  the  foi — 
rnation  of  the  rock  suite  must  be  estimated  (i.e. 
batch  melting  versus  aggregate  melting,  fractional 
crystallization,  magma  mixing,  assimilation,  and 
rest ite/unmixing) . 
<6>  Trace— element  modeling  equations  assume  that  trace- 
elements  are    relatively  refractory  and  resistant  to 
weathering  and  alteration  (Haskin,  1984). 
Nevertheless,  the  application  of  trace-elements  to  the 
petrogenesis  of  a  given  rock  suite  provides  important 
constraints  on  the  source  rock  and  mechanism  of  melting 
involved  in  formation  of  the  suite. 

In  this  study,  the  non-modal  aggregate  melt  formulation 
described  by  Shaw  (1970)  is  used  to  model  partial  melting 
processes : 


1/p 

C\_    /  Co  =  1/F<1-(1-PF/Dq)    ) 


where  C(_  —  trace-element  concentration  in  derived  melt 

Co  =  trace— element  concentration  in  residual  source 

F   =  fraction  of  source  rock  that  has  melted 

P   =  proportionality  constant  =  P1K1  +  P2t<£  +  ... 

where  Pi  =  proportion  of  phase  i  in  the  melt 

Ki  =  distribution  coefficient  of  a  given 
trace— element  for  phase  i 
Do  =  bulk  distribution  coefficient  =  X1K1  +  X£«e  +  ... 
where  Xi  =  abundance  of  phase  i  in  the  source 
Ki  =  distribution  coefficient  of  a  given 
trace-element  for  phase  i 
Fractional  crystallization  processes  were  modeled  using 
the  equation  of  Haskin  et  al.  <1970): 

CL  /  C0  =  (l-X)K-l 

where  Cl  =  trace— element  concentration  in  the  residual 
liquid 
Co  =  initial  trace— element  concentration  in  the  magma 
X   =  fraction  of  the  original  magma  that  has  crys- 
tallized 
K   =  distribution  coefficient  of  a  given  trace— element 
for  the  crystallizing  phase 


The  simple  mixing  equation  discussed  by  fillegre  and 
Minster-  (1978)  and  Cox  et  al.  (I960)  is  used  to  model  mixing 
processes: 

Ct  =  CflF  +  Cb<1-F) 

where  Cy  ■  trace— element  concentration  in  the  mixed  or  con- 
taminated magma 
Cft  =  trace— element  concentration  in  magma  ft 
Cb  =  trace— element  concentration  in  magma  B 
F   =  weight  proportion  of  magma  ft 


APPENDIX  B:  Atomic  absorption  and  emission 
spectrophotometry 


Rb,  Sr,  and  rnajoi — element  contents  were  determined  by 
atomic  absorption  and  emission  techniques  outlined  by  Medlin 
et  al.   (1969)  and  Shapiro  (1978).   Procedures  for  the 
preparation  of  granitic  rocks  for  analysis  are    presented 
below: 

(ft)  Precisely  weigh  out  0. £00O  +  0- OOOl  g  of  powdered 
rock  sample. 

(B)  Mix  sample  with  1.0000  +  0.0001  g  of  L1B02  in  a 
graphite  crucible. 

(C)  Place  crucibles  in  furnace  at  1000°  C  for  1  hour. 

(D)  Allow  fused  samples  to  cool. 

(E)  Place  fused  sample  in  50  ml  IN  HC1,  1%  La  solution 
(1%  La  solution  =  £5.697  g  lanthanum  chloride  in  1 
liter  of  distilled— deionized  H2O) . 

(F)  Place  solutions  with  sample  beads  on  magnetic  stir— 
ers  until  beads  are  completely  dissolved  (usually 
1—3  hours) . 

(G)  When  beads  are    completely  dissolved,  filter  solu— 
t ion  with  Whatman  #£  f i Iter  paper  to  remove 
graphite  particles  and  rinse  4  times  with  deionized 
water. 

(H)  Blank  solutions  containing  only  1.00O0  £  0.0001  g 
LiB0£  are    prepared  exactly  as  described  above. 
The  dilution  scheme  used  in  this  study  for  analysis  of  gran- 
itic rocks  is  presented  below: 


(A)  Solution  0 

Initial  solution,  50  ml 
Analyze  for-  Ti,  Sr,  and  Mn 

(B)  Solution  B 

20  ml  of  Solution  A  +  20  ml  dist i 1 led-deionized  HgO 
Analyze  for  Rb 

<C>  Solution  C 

6  ml  of  Solution  B  +  40  ml  dist i 1 led-deionized  H£0 
Analyze  for  01,  Si,  and  Ca 

<D>  Solution  D 

10  ml  of  Solution  C  +  20  ml  dist i 1 led-deionized  H£0 
Analyze  for  Na,  Fe,  and  Mg 

(E)  Solution  E 

4  ml  of  Solution  D  +  20  ml  dist i 1 led-deionized  H2O 
Analyze  for  K 

Samples  were  analyzed  using  a  Perkin-Elmer  model  305B 

spectrophotometer.   Elemental  concentrations  were  determined 

by  linear  regression  in  which  a  Canadian  soil  sample  and  two 

United  States  Geological  Survey  <U.  S. G.  S. )  samples  were  used 

as  standards  for  comparison.   These  standard  samples 

include: 

<1)  RGM-1;  rhyolite 

(2)  QL0-1;  quartz  latite 

(3)  SO— 4j  Canadian  soil  sample 


APPENDIX  C:  Instrumental  neutron 
act  i  vat  i  on  ana 1 ys  i  s 


Na,  Fe,  and  trace-element  contents  were  determined  by 
instrumental  neutron  activation  techniques  outlined  by 
Gordon  et  al.  (1963)  and  Jacobs  et  al.  (1977).   Procedures 
used  in  this  study  are   presented  below: 

(ft)  Precisely  weigh  out  0. 300O  +  0.0001  g  of  powdered 

rock  sample  and  place  in  a  plastic  vial. 
<B)  Plastic  vial  5  are  then  sealed  and  wrapped  with 

0. 10O0  +  0.0001  g  of  Fe  wire  (Fe  wire  serves  as  a 
neutron  flux  monitor). 
(C)  Standard  samples  are  prepared  exactly  as  described 
above.   In  this  study,  a  Canadian  soil  sample  (SO— 
4)  was  used  as  the  standard. 
(D>  Samples  are   then  irradiated  for  4  hours  in  a  Triga 
Mark  II  reactor. 

(E)  Approximately  two  days  after  irradiation,  samples 
are    placed  in  small  plastic  bags  and  mounted  on  3 
inch  by  5  inch  cards.   Fe  wires  are   coiled  and  then 
mounted  in  a  similar  mariner. 

(F)  5,  10,  and  40-day  counts  are  performed  on  all 
samples  using  a  Canberra  Model  8180  multichannel 
analyzer  and  a  25  cm3  Ge(Li)  detector. 

Calibration  of  the  Canberra  Model  8180  multichannel  analyzer 
was  accomplished  by  using  two  radioactive  sources: 

152eu  (0.122  rneV  and  0.344  meV) 

60co  <1- 333  meV) 


Elemental  concentrations  were  determined  by  comparing  the 
emission  rates  of  gamma— ray  energies  for  samples  and 
standards  and  then  correcting  for  (1)  variations  in  neutron 
flux  and  (2)  interference  by  elements  that  emit  similar 
gamma-ray  energies.   Variations  in  neutron  flux  are 
accounted  for  in  the  following  equation: 

Cs  =  Cst<st.  wgt./s.  wgt.  )  <st.  Fe/s.  Fe)  (s. /st.  ) 

where  Cs  =  concentration  of  element  in  sample 

Cst  =  concentration  of  element  in  standard 
St.  wgt./s.  wgt.  =  ratio  of  standard  weight  to  sample 
wei  ght 

St.  Fe/s.  Fe  =  standard  to  sample  activity  ratio  with 
respect  to  reactor  flux 

s. /st.  =  activity  ratio  of  sample  to  standard 
Interference  by  elements  that  emit  similar  gamma-ray 
energies  necessitates  further  corrections  in  the  following 
isotopes: 

(1)  233-ph  <398.5  keV)  interferes  with  175yb  <396.  1  keV) 
<2>  59Fe  U42  keV)  interferes  with  141ce  <145  keV) 
(3)  233-fh  <312  keV)  interferes  with  159jb  <H99  keV) 


APPENDIX  D:  Gravimetric  determinations  (loss  on  ignition) 


The  procedure  for  determination  of  total  volatile 
content  of  samples  is  presented  below: 

(fl)  Precisely  weigh  out  1.0000  +  0.0001  g  of  powdered 
rock  sample  and  place  in  a  pre— ignited  platinum 
crucible. 

(B)  Place  crucibles  in  furnace  at  1000"  C  for  1  hour. 

(C)  Transfer  crucibles  to  a  dessicator  and  allow 
samples  to  cool  to  room  temperature. 

(D)  Weigh  samples. 

<E)  The  weight  loss  for  each  sample  is  reported  as  loss 
on  ignition  (L0I). 


APPENDIX  E:  Comparison  of  San  Isabel  batholith 
with  other-  Wet  Mountain  plutons 


Figure   30:      Comparison  of  Rb/Sr  vs.    Si0_  variation  diagrams 
of  selected  Wet  Mountain  granitoids. 
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Figure  31 i      Comparison  of  Rb  vs.    Sr  variation  diagrams  of 
selected   *fet   Mountain  granitoids. 
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Figure  32:      Comparison  of  3HAND   (mol.   AO^OVKgO+NaoO+CaO) 
vs.   Si02  variation  diagrams   of  selected  Wet 
Mountain  granitoids. 
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Figure  33:  Comparison  of  Si02  vs.  FER  (FeO/FeO+MgO) 

variation  diagrams  of  selected  Wet  Mountain 
granitoids. 
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Figure  3^'   Comparison  of  NK  (Na20+K20)  vs.  Si02  variation 
diagrams  of  selected  Wet  Mountain  granitoids. 
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Figure  35:   Comparison  of  NKC  (i^O+KgO/CaO)  vs.  Si02 

variation  diagrams  of  selected  .Vet  Mountain 
granitoids. 
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Figure   36:      Comparison  of  Ti02  vs.    MgO  variation- diagrams 
of  selected  .Vet  Mountain  granitoids. 
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Figure  37:   Comparison  of  CaO  vs.  FeO  variation  diagrams  of 
selected  Wet  Mountain  granitoids. 
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Figure  38 i      Comparison  of  K20  vs.    3i02  variation  diagrams 
of  selected  Wet  Mountain  granitoids. 
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Figure  39 i      Comparison  of  Ba  vs.   Th  variation  diagrams  of 
selected  "n/et  Mountain  granitoids. 
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APPENDIX  F:  Elemental  variation  diagrams 
(elements  versus  DI) 


Figure  ^0:   Variation  diagrams  of  CaO,  MgO,  Ti02> 
CaO         Fep03,  and  MnO  versus  differentiation 
'1  index  for  the  San  Isabel  batholith. 
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Figure  *H :  Variation  diagrams  of  Si02.  AJ^Oj,  K2O, 
SiOo       Na20,  and  Rb/Sr  versus  differentiation 
•".      2       index  for  the  San  Isabel  batholith. 


,Na20 


1 


SO        S3        M        U         '0        rt         h        13         to        13        iu 


^Al2°3 


Dl 


.  *  t05«    » 


H       M      M      (S      Tfl      n       m      ■      ■      M 

K,0  Dl 

'1 
! 


»       M       M       U       7t       Tl 

Dl 
Rb/Sr 


.  a  *  „°  ■  ■ 


'4         "I         to        IS        90        IS 

Dl 


JO        JJ        10        M        '0        71        M        13        M        IS  00 

Dl 


A  Hornblende-poor 
G  Intermediate 
*  Hornblende-rich 


Figure  ^2i  Variation  diagrams  of  FER,  SHAND,  NKC, 
and  NK  versus  differentiation  index  for 
the  San  Isabel  batholith,  (FER=FeO/FeO+ 
MgO,  SHAND=mol.  AlgtW^O+Na^+CaO,  NKC= 
Na20+K20/CaO ,  and  NK=Na20+K20) . 
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APPENDIX    G:    Petr-ogi-aphic    descriptions 


Rock  descript  ions  of  typical  coarse-grained 
porphyritic,  medium-grained,  and  quartz  medium- grained 
samples  are  presented  below. 
IGzi5§i  Efiarsgrflrained  fiorphyr.it.ic  fac.ies 

This  monzogranite  porphyry  consists  of  £5  percent 
subhedral  to  euhedral  microcline  phenocrysts,  0.8  to  3.5  cm 
long;  and  5  percent  subhedral  to  euhedral  plagioclase  laths, 
0.5  to  0. 8  cm  long  set  in  an    inequi granular,  phaneritic 
groundmass  containing  £5  percent  anhedral  to  subhedral 
plagioclase,  1.5  to  6. 0  mm  long;  £0  percent  anhedral  quartz, 
1.0  to  6.0  mm  across;  9  percent  anhedral  to  euhedral 
biotite,  0.3  to  3.5  mm  long;  7  percent  anhedral  to  subhedral 
microcline,  1.0  to  7.0  mm  long;  4  percent  anhedral  to 
subhedral  hornblende,  0.5  to  3.0  mm  long;  3  percent  anhedral 
to  euhedral  sphene,  0.3  to  1.9  mm  across;  £  percent  anhedral 
to  subhedral  opaque  minerals,  0. £  to  1.0  mm  across;  and  £ 
percent  accessory  minerals  including  anhedral  to  euhedral 
epidote,  subhedral  to  euhedral  apatite  prisms,  euhedral 
zircon  inclusions  in  biotite,  and  anhedral  hematite. 
Microcline  is  perthitic,  tartan  twinned,  and  contains 
inclusions  of  plagioclase,  quartz,  and  biotite.   Plagioclase 
(fin25-An3o>  shows  faint  albite  twinning,  is  extremely 
altered  and  sericitized,  and  contains  poikilitic  inclusions 
of  opaques,  hornblende,  biotite,  and  sphene.   Quartz  is 
always  interstitial  to  feldspars  and  exhibits  strong 
undulatory  extinction.   Biotite  occurs  in  early-formed 


glomerocrysts  with  sphene,  hornblende,  and  opaque  minerals 
and  as  late-forming  interstitial  material  with  quartz. 
Inclusions  of  sphene,  zircon,  epidote,  apatite,  opaques,  and 
quartz  are  present  in  the  biotite.   Hornblende  is  poikilitic 
and  usually  deeply  embayed  and  resorbed.   Embay ment s  are 
usually  filled  with  biotite,  sphene,  and  opaque  minerals. 
Sphene  is  usually  fractured,  sometimes  twinned,  and  occurs 
in  early-formed  glomerocrysts  with  hornblende,  biotite,  and 
opaque  minerals.   Large  glomeroporphyrit ic  clusters  are  up 
to  5  cm  across  and  contain  predominantly  mafic  phases. 
I^z^i  MBdium-g.rai.ried  faci.es 

This  hypidiomorphic  monzogranite  is  composed  of  33 
percent  anhedral  to  subhedral  microcline,  0.8  to  4.0  mm 
long;  24  percent  anhedral  to  subhedral  plagioclase,  0.7  to 
£.3  mm  long;  25  percent  anhedral  quartz,  0.5  to  1.5  mm 
across;  7  percent  anhedral  to  euhedral  biotite,  0.5  to  1.7 
mm  across;  5  percent  anhedral  to  subhedral  hornblende,  0.5 
to  1.0  mm  long;  3  percent  anhedral  to  euhedral  sphere,  0.3 
to  1.0  mm  long;  2  percent  anhedral  to  subhedral  opaque 
minerals,  0.5  to  0.3  mm  across;  and  1  percent  accessory 
minerals  including  anhedral  to  euhedral  epidote,  subhedral 
to  euhedral  apatite  prisms,  euhedral  zircon  inclusions  in 
biotite,  and  anhedral  hematite.   Microcline  is  perthitic, 
tartan  twinned,  and  contains  inclusions  of  quartz,  biotite, 
and  highly  altered  plagioclase.   Plagioclase  (Plnss-flnas) 


exhibits  faint  albite  twinning  and  contains  inclusions  of 
biotite,  hornblende,  and  apatite.   Plagioclase  grains  are 
invariably  altered  and  sericitized.   Quartz  is  late-stage 
and  interstitial  and  exhibits  strong  undulatory  extinction. 
Biotite  occurs  in  early- formed  glornerocrysts  with  sphene, 
hornblende,  and  opaque  minerals  and  as  late— stage 
interstitial  material  with  quartz.   Inclusions  of  sphene, 
zircon,  epidote,  and  quartz  are  present  in  the  biotite. 
Hornblende  is  poikilitic  and  contains  inclusions  of  sphene 
and  opaque  minerals.   (Alteration  of  hornblende  to  epidote  is 
apparent  along  cleavage  planes  and  within  the  ernbayments. 
Sphene  is  highly  fractured  and  contains  inclusions  of 
apatite,  altered  opaques,  and  zircon.   Fractures  a-re    usually 
filled  with  opaque  minerals.   Early— formed  mafic 
glornerocrysts  up  to  7  rum  across  occur  throughout  the  rock 
and  ars   composed  of  biotite,  hornblende,  sphene,  and  opaque 
minerals. 
QiiantS.  medium-grained  facies 

The  following  rock  description  of  a  typical  medium- 
grained  sample  is  based  on  average  modal  analyses  from 
Murray  (1970).   The  average  mode  for  the  quartz  medium- 
grained  facies  is  36.9  percent  mi  croc  Una,  S3. 0  percent 
quartz,  £1.9  percent  plagioclase,  and  12.  1  percent  mafic 
minerals.   Compared  to  the  other  textural  facies,  the  quartz 
medium-grained  facies  has  higher  quartz  and  microcline  and 
lower  plagioclase  and  mafic  minerals.   Minor  and  accessory 


mineral  content  is  similar-  for-  all  textural  facies  except 
for-  sphene  which  is  absent  in  the  quartz  rnedi  urn-grained 
facies.   Textures  gr-ade  from  medium-grained  equigranular  to 
fine-grained. 


APPENDIX  H:  Range  of   element  contents  in  granitic 
rocks  o-f  the  Wet  Mountains,  Color-ado 
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APPENDIX  I:  Compilation  of  confidence  intervals  (C.I.) 

for*  major-  and  trace— element  concentrations 
for  textural  and  mineralogical  facies  of  the 
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1 

u 

, 

c 

(11 

•o 

■H 

e 

C 

c 

IT 

rt 

u 

U 

O  H 

Si 

<n 

CC 

0 

^ 

N 

— ■> 

3 

C 

■ 

+■> 

O 

H 

0) 

s 

O  +> 

<1> 

u  & 

to 

o 

01 

r-l  >H 

09 

19 

Hi 

£ 

03 
C 

c 

« 

o 

Ifl 

•H 

•H  CO 

C+> 

•H 

0) 

(1) 

S*  £ 

0)  4J 

a 

C 

c 

O  <H 

• 

o 

a 

■u 

c 

•^ 

0 

■ 

u 

0 

si> 

C 

H 

o  +> 

o 

0 

B 

SI 

a>  4-< 

<M 

s 

0 

<U  .-1 

H 

<ri 

c 

ID 

U 

o 

1 

H 

•H 

a> 

61) 

+» 

a 

O 

XI 

a  m 

H 

u 

rrt 

•H  -P 

U 

a 

0) 

E  T5 

C 

o 

C  -H 

u 

CO 

S 

o 

<\l 

S 

rH 

« 

tit 

H 

fa 

0 

o 

a. 

* 

c 

c 
i 

o 

M    4      17-     N      VO      m     CO      in     CM 
00CM<HOCM<O-rir*tO 

O 
-3-      O    CO 

"      ^4 

W"» 

00     CO 

v>  «n  en 
o    o    — 

«00-*00000 

«o     -.     —     _     «-,    o 

ft    Cv 

o    o    o 

C"i    .»■      «     N     B     N    fl    N    J 

h  *  rt  n  m  n  n4  o 

ft  <o    n 

*     (7-     - 
~l      Cn     P* 

c*-   ft   ft  oo   .a-    co 
ft  w\     .      .     .     . 

h    no   4    -    - 

CM              ■* 

ft     CO 

>r>    o 

CM     CM 

Ml     ft    M3 

CO     N    4 

o   o    o 

ca 

1 

E 

i 

ft    '-o-oosotcr-co-H 

ftC*1     —    sOCMC"\«*C\l     O 

O     O.O     O      O      O      O      O      O 

en  co 

ft4     N 

•"     CM     en     O     CM     O 

■*  -*  m 
o   o    o 

o   o    o 

N     ^     N    *     N    CO     A    H     ll> 
MSftkOCDCDCMfttVM 

—     ("i    —     p.     -    ^     0)    J    o 

.»     en     <n 
-«    .»     P- 

Cn     <n     p.    d-     CO     ^ 
U-\    CO        -        •        •        ■ 
«     CM     Jf    ■»     ft     -« 
CM 

ft     ^ 

ft  ft  m 
c   p-   m 

o    o*    o 

U 

• 

1 

9 

g 

I 

X 

-*     CM     ft    J-     O     ft    ^>     M3     -< 

n    f\    O    "O     N     en     CM    .*     o 

h  o\  -a 
»<  .»    rn 

MJ     O     *    J- 
P*     CM        -        •       .        . 

CM    *■     *     w4     *     O 

M3   cn 

en  —  ■fl- 
ea   o    o 

o    o    o 

-■oooooooo 

CM      ^     vO     «)      -     ^     N     ^      1A 
Ocnd-OOcncMCM-H 

CM      CO      'O 

mt  ^   m 

O      CM      —       —      m     rA 
•"     ft|     «    j'     B     h 

cm 

MS     CO 

O      — 
—     CM 

—  CC  vo 
CO     O-     CM 

O     O     O 

;j"""""» 

■o 
I 
c 
3 

E 

so 
i 

| 

• 

TO          CM          -          -           r-         [-1         _         <M          Q 

CO 

ft  en  mi 

en  o-   —  tt 
en  u-i  .»    o    cm    o 

CM     CM 

wi   tn 

o  o  o 
o    o    o 

ooooooooo 

ft    o    c*.  p-   tn   <»"\   c>    en  wi 

en  «-*   -h 

W>     (-i     Q\ 

•"    4     « 

W     N    »     (M     4     4 

vr»  f~     •     •     •     . 

H     N    4     J      o\    m 
CM 

*   ft 

O      — 
CM     CM 

—     ft    00 

co  c-  m 
o    o    o 

1 

c 

■ 
E 
B 

« 
i 
E 

■ 
o 

CM     O 

Dir\4 

en  ft  p-  «o 

■*     >©    ^-     O     *4     O 

M3     CD 

J-  ^  ft 
o    o    o 

o    o   o 

+t    «    +1 

cm   ft  m 

CO     N     « 

o    o    o 

«oooooooo 

3    'JJJ^^'OinN* 

CDCMe>M3(S0CM.»iH 

-  »    -   N  -  4    n  *    o 

P-    V>     CM 

N     ft    « 
.H    .*     ft 

o    fjj    m    C«-    O-   v\ 

rt     N     1ft    4     ft     M 
CM 

M3     CO 

-H     O 
-^     CM 

-[ 

en             m 
CM  O        CMO                       O 
O        CMO        CMO     O        CMO     O 

3  3  E  £  g  3  £  *"£ 

A      h      « 

x    oi    a 

«      •      S      3     £>      3 

-J    o    w    u    >-    _; 

J=      O 

6-     CO 

1    « 

«   K   oc 

161 


ORIGIN  AND  CHEMICAL  EVOLUTION 

OF  THE  SON  ISABEL  BATHOLITH, 

WET  MOUNTAINS,  COLORADO 


by 


Thomas  J.  Griffin 


B.  S.  Kansas  State  University,  19S£ 


AN  ABSTRACT  OF  A  MASTER'S  THESIS 


submitted  in  partial  fulfillment  of  the 


requirements  for  the  degree 


MASTER  OF  SCIENCE 


Department  of  Geology 


KANSAS  STATE  UNIVERSITY 
Manhattan,  Kansas 


ABSTRACT 


The  1.36  b.  y.  old  San  Isabel  batholith  is  a  weakly 
foliated  granitic  intrusion  that  is  coeval  with  the  1.35-1.4 
b.  y.  old  granite/rhyolite  terrane  occurring  in  parts  of 
Missouri,  Oklahoma,  Kansas,  and  Texas.   The  San  Isabel 
batholith  is  mostly  monzogranite  and  contains  up  to  35% 
total  mafics  (including  interstitial  biotite,  deeply  embayed 
hornblende,  sphene,  and  magnetite).   Mafic  minerals 
frequently  occur  as  glomerocryst s  and  clots  and  attest  to 
the  cumulate  nature  of  the  batholith.   The  intrusion  is 
characterized  by  low  Side  (56.1-72.0  wgt.  %) ,     moderate  Sr 
(121-580  pprn),  high  Fed  (1.95-10.  A3  wgt.  %)  ,  Ti0£  (0.49-2.10 
wgt.  %),  KgO  (2.86-6.1  wgt.  %> ,  MnO  (0.02-0.21  wgt.  ■/.)  ,  Ba 
(1420-2384  pprn),  Sc  (14-34  ppm) ,  REE  (total  REE  =  434-1090 
pprn),  FeO/FeO+MgO  (0.75-0.86),  and  NaaO+KaO  (6.4-9.6  wgt. 
■/.)  ,  and  small,  negative  Eu  anomalies  (Eu/Sm  =  0.146-0.218). 

Partial  melting  of  the  following  source  rocks  to  form 
the  San  Isabel  magma  were  tested:   1)  metamorphic  rocks 
similar  in  composition  to  the  1.8  b.  y.  old  hornblende- 
biotite  gneiss  and  granite  gneiss  country  rocks,  2)  quartz- 
normative  tholeiitic  gabbro,  3)  granitic  rocks  similar  in 
composition  to  the  1.7  b.  y.  old  foliated  plutons  at  Garell 
Peak,  Royal  Gorge,  and  Twin  Mountain,  and  4)  tonal ites  and 
granodiorites  similar  in  composition  to  other  1.7  b. y.  old 


granitoids  in  the  rnid-cont  inent  arid  having  negligable  En 
anomalies.   The  best-fit  model  involves  partial  melting  of  a 
previously  melted  tonal ite/granodiorite  residuum  to  form  the 
San  Isabel  magma. 

For  example,  twenty  to  thirty  percent  partial  melting 
of  a  previously  melted  tonal ite/granodiorite  residuum  with 
positive  Eu  anomalies,  high  Sr  and  Sc,  and  low  Rb  contents 
combined  with  limited  separation  of  minor  residual  sphene 
could  produce  melts  chemically  similar  to  the  least 
differentiated,  hornblende-rich  portions  of  the  San  Isabel 
batholith.   Limited  mixing  of  partially  assimilated 
hornblende-biot ite  gneiss  and  granite  gneiss  xenoliths  with 
the  San  Isabel  magma  may  have  also  occurred. 

The  principal  factors  affecting  the  range  of 
composition  in  the  San  Isabel  monzogranite  are:  (1)  the 
presence  or  absence  of  hornblende  and  (2)    the  relative 
abundance  of  cumulate  mafic  material.    Mixing  of  cumulate 
mafic  material  with  slightly  fractionated  liquid  can  produce 
the  range  of  trace-element  contents  in  the  San  Isabel  monzo- 
granite.   The  hornblende-rich  facies  of  the  batholith 
represents  the  more  primitive  liquid  in  which  10—20* 
cumulate  mafic  minerals  are  mixed  with  slightly  fractionated 
liquid.   One  to  five  percent  mafic  cumulate  plus  10— 25* 
fractional  crystallization  of  plag ioclase/K-spar/quartz/bio- 
tite  from  the  remaining  liquid  can  produce  the  hornblende- 
poor  facies  of  the  San  Isabel  batholith.   Temperature  during 


emplacement  was  approximately  725  C  and  pressure  5-7  Kb. 
HgO  content  of  the  San  Isabel  magma,  deduced  from 
crystallization  sequences,  was  1,2—1.5  percent. 

Format  ion  of  the  San  Isabel  magma  under  anoro genie 
conditions  is  suggested  by  high  NagO+KgO  contents,  high 
FeO/ (FeO+MgO)  ratios,  presence  of  late,  interstitial  biotite 
and  occasional  fluorite,  lack  of  foliation,  abundance  of 
perthitic  K— spar,  and  contemporaneity  with  other  recognized 
0— type  granites  in  North  America.    I-type  features  of  the 
San  Isabel  batholith  may  be  the  result  of  partial  melting  of 
mant le— derived  tonalites  and  granodiorites  in  this 
anorogenic  sett  ing. 


